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INTRODUCTION 


In many cells, a large part of the cytoplasm consists of numerous granules 
of various types. Undoubtedly they have a real functional significance, but 
little is yet known of the roles which they may play in cellular processes. This 
lack of knowledge may be due to the fact that, ordinarily, granules are rather 
inaccessible to experimental treatment. It was therefore thought worth while 
to attempt to isolate the granules and study them outside the living cell. This 
method has the advantage that it enables one to add reagents in known concen-: 
trations, and to be certain that they are affecting the granules directly and not 
secondarily through effects upon the cell itself. 

Although most granules appear as solid particles, many may actually be 
minute vacuoles. That this is true of the pigment granules of the Arbacia egg 
was concluded by Chambers (1935) who found that the pigment escapes when 
these granules are punctured with a micro-needle. In preliminary studies, I 
was able to confirm this observation and to provide additional evidence that 
the pigment granules are actually vacuoles. The most cogent part of this evi- 
‘dence is the fact that in the presence of calcium, magnesium, and strontium ions, 
the pigment granules (and some colorless granules) coalesce with each other to 
form large fluid vacuoles from which the pigmént soon diffuses, revealing small 
particles inside in active brownian movement. It is difficult to understand how 
two particles could coalesce in this manner unless they were vacuoles initially. 
Photomicrographs of this interesting reaction in isotonic CaCl, are shown in 
Figure 1. 

Such minute granules or vacuoles should exhibit osmotic activity. That 
they do was concluded by Lewis and Lewis (1915) who actually observed swelling 
and shrinking of mitochondria in tissue culture cells placed in anisotonic media, 
and by Costello (1939) who found that the formed components of the Arbacia 
egg occupy 41 per cent of the total volume of the egg, while the osmotically 


1 Presented to the Faculty of the Graduate School of the University of Pennsylvania in 
partial fulfillment of the requirements for the Degree of Doctor of Philosophy. 
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inactive volume is only 7-14 per cent according to McCutcheon, Lucké and 
Hartline (1935). 

The present paper presents direct evidence that the pigment vacuoles of the 
Arbacia egg are osmometers. They do not, therefore, constitute part of the 
osmotic dead space postulated by McCutcheon, Lucké and Hartline (1935). 
Agreement with the Boyle-Van’t Hoff law is rather good but certain discrepancies 
point to the conclusion that osmotically active material, presumably salt, leaks 
out during the course of the swelling. Some data is given for other types of 
granular inclusions. 

It is a pleasure to express my appreciation to Doctor L. V. Heilbrunn for his 
encouragement and stimulating advice. 


PREPARATION OF MATERIAL 


Suspensions of granules or vacuoles in vitro may readily be obtained from sea 
urchin eggs if certain precautions are taken. The solutions used must be neutral 
or acid, isotonic, and free from calcium. In alkaline solutions or in hypotonic 
solutions the vacuoles undergo lysis. In solutions containing calcium (or 
magnesium or strontium in high concentration) the protoplasm escaping from a 
ruptured cell clots. This reaction, called by Heilbrunn (1928) the surface 
precipitation reaction, must be avoided, inasmuch as many vacuoles are trapped 
in the clotted protoplasm and others lyse or coalesce with each other. The 
necessary precautions may be conveniently taken by using an isotonic solution 
of sodium citrate (0.35 M). This solution has several additional advantages. 
It does not induce cytolysis and eggs washed in it become very fragile and easily 
ruptured. 

Eggs were collected from 10-50 sea urchins by allowing them to shed into 
sea water. The shedding reaction was hastened by the addition of isotonic 
KCI to the exposed ovaries according to the method of Palmer (1937). The 
eggs were concentrated by centrifuging and washed with 0.35 M sodium citrate. 
After two washings, most of the eggs become very fragile and may be broken 
readily by squirting them in and out of a pipette. The vacuoles themselves are 
rather sensitive, and it was found impossible to rupture the most resistant eggs 
(about 25 per cent) without simultaneously destroying many of the vacuoles. 

The crude suspension of all types of granules or vacuoles resulting from this 
treatment may be used for many experiments. However, if desired, the various 
components may be separated out by differential centrifuging. A wide range of - 
conditions may be used to accomplish this; but, on the whole, it is somewhat 
better to use low centrifugal forces for a long time rather than high forces for a 
short time, since if the vacuoles become tightly packed in the bottom of the 
centrifuge tube it is difficult to re-suspend them without causing serious breakage. 
The following scheme has proved satisfactory. Unbroken cells are removed 
rapidly by filtering through coarse filter paper under light suction. The whole 
brei is then centrifuged with an International Centrifuge, size 1 type SB, or 
size 2. The pigment vacuoles are thrown down in about 30 minutes at 1000 rpm 
(189 X gravity, g). Yolk sediments at 2000 rpm (755 g) in one hour. At 
3000 rpm (1698 g) very small particles are thrown down in considerable quantity 
in three to five hours. Fat granules rise to the top and are readily removed. 
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If centrifuging is prolonged or if higher forces are available, it is possible to 
obtain granule-free cytoplasm. In each fraction there is a certain amount of 
contamination. This may, for the most part, be removed by re-suspending the 
particles in fresh citrate and repeating the original centrifuging. After separa- 
tion, the granules or vacuoles are washed with fresh isotonic citrate to remove 
traces of non-granular protoplasm. 
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MOLARITY OF SODIUM CITRATE 


FiGure 2. Lysis of pigment vacuoles in hypotonic sodium citrate. Circles represent data 
obtained by counting vacuoles microscopically; triangles, data obtained by colorimetric method 
explained in text. Curve is a cumulative projection of a normal or probability curve. 


Another method of separating the constituents was sometimes employed. 
Concentrated solutions of sodium citrate may be prepared with a specific gravity 
higher than that of any of the granules, or with a specific gravity intermediate 
between that of any two types. By properly choosing the concentration, 
separation may be readily accomplished by placing a layer of concentrated 
citrate beneath the suspension of mixed particles before centrifuging. The 
proper concentration must be determined with each preparation because of 
variability in the specific gravity of the particles. Unfortunately, the pigment 
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vacuoles undergo lysis with this treatment and, therefore, cannot be recovered 
intact. The yolk and the small granules do not seem to be adversely affected. 


RESULTS 


In hypotonic solutions pigment vacuoles undergo lysis. Microscopic observa- 
tion of the reaction shows little detail, but it is possible to see that, after a short 
time, the pigment suddenly leaks out of the vacuole which then fades from view, 
leaving an indistinct ghost. There is no obvious rent in the vacuolar membrane, 
nor does the pigment stream out from a localized spot. On the contrary, it 
appears to diffuse through the entire membrane much as hemoglobin diffuses 
out of blood cells in hemolysis. Indeed, the phenomena of vacuolar lysis and 
hemolysis seem to be rather comparable, and the methods which have been 
used to study hemolysis may be applied here. 


TABLE I 


Times of lysis (seconds) of pigment vacuoles 


Molarity Nas citrate 0.1750 | 01925 | 0.2100 | 0.2275 | 0.2450 | 0.2625 


Osmotic pressure 


(Atmospheres) 10.50 11.49 | 12.47 13.46 | 14.44 


Per cent | Lytic osmotic 
lysis | pressure 


5 16.42 1.48 1.76 1.84 2.30 
10 15.63 1.65 1.91 2.45 2.81 
15 15.43 1.71 2.16 2.72 3.98 
20 15.04 1.80 2.88 3.72 4.85 
30 14.64 2.56 2.96 3.89 5.38 
35 14.44 3.54 5.15 6.51 10.30 
40 14.26 3.50 5.43 7.35 12.50 
50 13.95 6.83 7.80 12.70 28.70 
65 13.46 18.80 29.90 40.60 


If the vacuoles are osmometers, there should be more lysis in a very dilute 
solution than in a mildly dilute solution. This was studied in the following 
manner. Aliquots of the crude suspension were added to various concentrations 
of sodium citrate. Samples taken to determine the percentage of lysis were 
placed in a chamber of definite volume and uniform depth (Leitz dark field 
chamber) and the pigment vacuoles in a given area were counted. A 4 mm. 
objective and 10X ocular gave adequate definition. The results of these counts 
are represented by the circles in Figure 2. It will be noted that lysis increases 
as the external solution is made more dilute. Lysis is practically complete in 
0.175 M sodium citrate. The curve is a cumulative projection of a probability 
curve, and the fit is close enough to indicate that the vacuoles are ‘‘normally”’ 
distributed in their resistance to lysis. The same type of curve is found in 
osmotic hemolysis, and is interpreted in the same way. 

A quicker and easier method of estimating the amount of lysis is afforded by a 
colorimetric method. This depends upon certain properties of the pigment, 
echinochrome, contained within the vacuole. According to Kuhn and Wallenfels 
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(1939), this pigment is a polyhydroxyquinone bound to a protein. In the acid 
form it is red in color, and this is presumably the condition in which it exists 
within the vacuoles. The salts are variously colored. In sodium citrate at 
pH 7.4 the pigment escaping from the vacuoles turns first to a dirty brown and 
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MOLARITY OF SODIUM CITRATE 


FiGurE 4. Lysis of yolk granules in hypotonic sodium citrate. Circles represent data 
obtained with the photoelectric method. Triangles show the increment of lysis with dilution. 
The curves are empirical. 


ultimately to a clear green. Intermediate colors are obtained which depend 
upon the amount of lysis. Standards may be prepared by making mixtures of 
suspensions of intact vacuoles with suspensions of vacuoles lysed with hypotonic 
citrate and brought back to isotonicity with concentrated citrate. The per- 





FiGurRE 3. Photographic records of granule lysis with Parpart’s photoelectric method. 
The addition of the granules to the hypotonic solution is marked by a sudden drop in light trans- 
mission, here a thin vertical line (retouched). As lysis proceeds there is a rapid increase in light 
transmission followed by a slower increase to equilibrium. White vertical lines mark second 
intervals. Upper row: lysis of yolk granules in 0.280 M, 0.140 M, 0.035 M sodium citrate. 
Lower row: lysis of small granules (mitochondria?) in 0.280 M, 0.175 M, 0.105 M sodium citrate. 
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centage lysis in any experimental suspension may be determined by comparing 
the color with that of the standards. This was done at the same time the counts 
were made, and the results are shown by the triangles in Figure 2. Agreement 
between the two methods is good and the colorimetric method was used thereafter. 

With the colorimetric method it is possible to study the kinetics of the reaction. 
The time taken to achieve a certain degree of lysis in a given hypotonic solution 
can be measured by determining the time required to reach a certain color. 
This was done with a stop-watch and visual inspection. The results are given 
in Table I. In this table the times required to attain different percentages of 
lysis in various concentrations of hypotonic sodium citrate are recorded. It is 
apparent that in the more dilute solutions, not only is the degree of lysis greater 
but the speed of the reaction is very much greater as well. In a more dilute 
solution the osmotic gradient is greater; water will therefore enter more rapidly; 
and the vacuoles will swell to the lytic size in a shorter time. 


TABLE II 


Times of lysis (seconds) of yolk granules 


| 
| | 


Molarity Nas citrate | 0.00 | 0.035 | 0.070 | 0.105 | 0.140 | 0.175 | 0.210 


| | 


Osmotic pressure 


(Atmospheres) 8.53 | 10.50 12.47 


0.00 | 2. 4.58 6.56 





Per Lytic 
cent osmotic 
lysis pressure 


27) Cj 61S 0.34 
51 16.42 0.44 
14.44 0.55 
12.47 0.58 
| 10.50 0.61 
| 8.53 0.66 
6.56 0.79 
4.58 | 0.87 
2.61 2.18 




















A few observations were made of the lysis of purified yolk granules using 
the photoelectric method of Parpart (1935).? Light from a constant source is 
sent through a chamber and is measured by means of a Photronic cell and a 
Kipp-Mall galvanometer with photographic recording. Typical records are 
shown in the top row of Figure 3. On the addition of 50 mm.* of granule sus- 
pension to the dilute salt solution in the chamber there is a rapid drop in the 
light transmission. As lysis proceeds, more light passes through the suspension 
and the galvanometer tends to return to its original position. The results of 
these experiments are summarized in Figure 4 and Table IT. 

Similar records were made with the smallest granules (mitochondria?). 
Unfortunately, these particles tend to clump together and it is exceedingly 
difficult to obtain uniform samples. Analysis of the data is at present impossible. 
Typical records are, however, shown in the bottom row of Figure 3. 


2 I am very grateful to Doctor A. K. Parpart for the loan of his own apparatus. 
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DISCUSSION 
The pigment vacuole: 


While the above data indicate clearly that the pigment vacuoles are os- 
mometers, a closer analysis is desirable. We would like to know if the Boyle- 
Van’t Hoff law is obeyed. Equations suitable for testing this have been derived 
by Jacobs (1932) for the comparable case of the osmotic hemolysis of blood. 
For the general case: 


EA «ty, = 97 tod _ 2) 
Vo pf pop—poP P\po Pp 
and for the special case where cells (or vacuoles) swell in distilled water: 
KAt _ A ae ) 
Vo 2\P po’ 
In these equations, K is the permeability constant, a measure of the volume 


of water entering the vacuole through a unit area in a unit time under a unit 
osmotic gradient. A is the surface area, V» the initial volume of the vacuoles. 


TABLE III 
Permeability of the pigment vacuoles to water (K’) 











Molarity Nag citrate 0.1750 0.1925 | 0.2100 | 0.2275 


Osmotic pressure 





(Atmospheres) 10.50 11.49 i | 13.46 
|- 


Per cent Lytic osmotic 
lysis pressure 





5 16.42 .022 021 | 

10 | io | a7 027 | 

15 15.43 | .026° | .026 

20 | te | wor | see |} 

30 14.64 .025 .026 

35 | 14.44 .020 .016 
| 





40 14.26 021 017 
50 13.95 | 492 | OS 


65 13.46 | . 004 





004 





P is the osmotic pressure of the external solution, an experimentally controlled 
variable. The volume of the external solution is very large in comparison to 
the total volume of the vacuoles, so that the external osmotic pressure does not 
change during the course of an experiment. Now, fo is the osmotic pressure of 
the solution inside the vacuole initially, p the osmotic pressure inside the vacuole 
at time ¢t. The osmotic pressure within the vacuole may be assumed to be that 
of the solution with which it is in equilibrium. Initially, this is equivalent to 
0.35 M sodium citrate, or 20.36 atmospheres (calculated from data of Hitchcock 
and Dougan, 1935). We are interested only in a particular value of ~, that is 
px corresponding to tz. This is the osmotic pressure inside the vacuoles at the 
moment of lysis, and is presumed to be exactly equivalent to the osmotic pressure 
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of the solution which causes that degree of lysis, i.e., the solution with which 
it is in equilibrium. 

For the purpose of determining agreement with the Boyle-Van't Hoff law, 
it is not necessary to know the exact volume, Vo, or surface area, A, since these 
are constant and may be combined with K, the true permeability constant, to 
give a new constant K’. If the same value of K’ is found for all concentrations, 
it may be concluded that the vacuoles obey the Boyle-Van’t Hoff law. 

The data necessary for this calculation may be obtained from Figure 2 and 
Table I and the results are given in Table III for several concentrations and a 
number of degrees of lysis. 

It will be noted that when 5 to 30 per cent lysis occurs, all the values of K’ 
lie around 0.025 except for the last figure in each row, which is close to equilibrium 
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Ficure 5. Lytic time of pigment vacuoles in hypotonic sodium citrate. Circles represent 
5 per cent lysis, triangles 15 per cent lysis, and squares 35 per cent lysis. Curves are based on 
equation given in the text assuming K’ = 0.025. 


/93 


and may be disregarded. From 35 to 65 per cent lysis, K’ falls to very low 
levels. It may be further noted that in many of the rows there is a gradual 
decrease of K’. This is not especially serious except in more advanced degrees 
of lysis. 

From these data it seems justifiable to conclude that up to 30 per cent lysis, 
K’ is essentially constant and the pigment vacuoles therefore obey the Boyle- 
Van’t Hoff law. This can be shown in a somewhat more convincing manner by 
a comparison of the observed rate of lysis with the theoretical rate, assuming a 
value of K’ = 0.025. Figure 5 shows the theoretical curves for three different 
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degrees of lysis. It will be noted that for 35 per cent lysis there is no agreement 
between the curve and the plotted data, although there would have been had 
another value of K’ been chosen. Agreement of. the data with the other two 
curves is good over a limited range, although large discrepancies exist at high 
concentrations of sodium citrate. 

The reasons for the discrepancies which are found may now be considered. 
Either the permeability constant falls during the course of swelling or else the 
rate of lysis is very much slower for high degrees of lysis than is expected theo- 
retically. With the data at hand, it is impossible to prove either of these possi- 
bilities, but the latter seems far more probable. The simplest interpretation is 
that osmotically active materials, presumably salts, leak out from the vacuoles, 
thus reducing the osmotic gradient and causing water to enter more slowly. 
This leakage of osmotically active materials does not include the echinochrome- 
protein complex. Obviously, within the cell the pigment does not normally 
diffuse out from the vacuole, or the vacuoles would contain no pigment. Jn 
vitro, the strict parallelism between the number of vacuoles lysed and the amount 
of pigment released as determined colorimetrically shows that there is no escape 
of echinochrome from the vacuoles until lysis occurs. 

In deriving the equations, Jacobs made certain assumptions which have 
likewise been made here. It is instructive to consider these assumptions, particu- 
larly with the view of determining if any of them may aid in explaining the 
discrepancies. It is first assumed that the surface area of the vacuole is not 
changed during the course of swelling. It is clear that in the original permeability 
equation, dV /dt = KA(p — P), the rate of swelling is directly proportienal to 
surface area. Thus if there is any significant increase in surface area during 
swelling, the vacuoles ought to lyse more rapidly than expected after the initial 
stages. Actually, the rate is slower. This does not mean that increase in 
surface area does not occur; but if such increase does occur, it will not serve to 
explain the divergent results and it is therefore a refinement which can be 
neglected. 

The assumption is also made that the initial volumes of the individual vacuoles 
are the same. This is by no means true since they vary in size from one to two 
micra in diameter. This variation should not affect the results unless there is a 
correlation between the initial size and the lytic concentration. Such a condition 
would be true if it were assumed that the vacuoles undergo lysis only when they 
swell to a lytic volume constant for all vacuoles. In that case the largest should 
undergo lysis first. Progressively smaller granules would be destroyed in the 
course of time in very dilute solutions. Remembering that K’ = KA/V, it is 
apparent that if the diameter, which is a measure of both Vo and A, is assumed 
larger than it actually is, K’ will appear fallaciously low. This would be the 
situation for high degrees of lysis. A correction for varying initial volumes 
would, therefore, reduce some of the discrepancies. It would not, however, 
raise to the extent necessary the low values of K’ found with high degrees of 
lysis, nor would it affect at all the drift of K’ in high concentrations. 

In the absence of concrete data, this possibility of explaining the discrepant 
results cannot be disproved. However, it seems unlikely that there is a strict 
correlation between initial volume and lytic concentration in view of the fact 
that the same type of curve as is shown in Figure 1 is obtained in hemolysis. 
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Erythrocytes are quite uniform in size. Furthermore, a simple calculation will 
show that no strict relation, such as Boyle’s law, is likely to exist between initial 
volume and lytic concentration. If vacuoles two micra in diameter are assumed 
to break in 0.280 M sodium citrate, it may be calculated by Boyle’s law that 
vacuoles one micron in diameter ought to lyse in 0.035 M. Actually, lysis is 
complete in 0.175 M. 

It seems more reasonable to assume that the vacuoles have to swell a certain 
proportion of their original volume before lysis occurs than that the lytic volume 
is constant for all size vacuoles. On this assumption, the lytic concentration for 
all of the vacuoles would be the same. In view of these reasons for considering 
initial volume and lytic concentration independent, there seems no necessity for 
assuming that a correlation exists. In that event, a variation in the initial 
volume will have no effect upon K’, and V» may legitimately be considered 
constant. 

It is of some interest to calculate the true permeability constant. This may 
be very simply done if we remember that KA/V>) = K’. Since the pigment 
vacuoles are spherical, both V» and A can be expressed in terms of the diameter, 
D, and multiplying by 60 to change seconds into minutes we obtain: 


60K'rD* 
62D? 


K= = 10K’D. 


Taking 0.025 as near the true value of K’, and D = 1 — 2y, K falls in the range 
of 0.25-0.50 with an average value of 0.38 cubic micra of water entering the 
vacuole per square micron of surface area per minute per atmosphere difference 
in osmotic pressure. 

These values of the permeability constant should not be taken too seriously. 
They are of interest only in indicating the order of magnitude. The initial 
osmotically active volume is not exactly known. Moreover, it should be noted 
that these measurements were made in vitro and in the presence of the citrate 
ion. Both of these conditions might well influence the permeability. Never- 
theless, the permeability constant is probably somewhat higher than that of the 
cell as a whole. Lucké, Hartline and McCutcheon find values of 0.087 for 
endosmosis and 0.141 for exosmosis. The pigment vacuoles will tend toward 
osmotic equilibrium with the rest of the cell and cannot constitute part of the 
osmotic dead space postulated by McCutcheon, Lucké and Hartline to explain 
divergencies of the osmotic behavior of the Arbacia egg. This dead space 
probably consists of fat granules, dissolved proteins, or the membranes, etc., 
which surround the cell and the various formed components in it. 

If the interpretation that the vacuoles are leaky is correct, they should be in 
equilibrium with the rest of the cell in regard to salts and organic substances, 
e.g., metabolites. The pigment vacuoles undergo lysis in solutions of urea, 
acetamide, sucrose, ethylene glycol, etc., indicating they are permeable to these 
substances. Whether these or other substances added to the cell would penetrate 
the cell and all its constituents at the same rate, cannot be answered until com- 
parative figures of the permeability constants of these substances are available. 
This information may ultimately have important bearing on problems of cell 
metabolism. Further experiments are planned. 
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Yolk granules: 


The interpretation of the behavior of the yolk granules in hypotonic solutions 
is difficult. An inspection of the curve given in Figure 3 indicates that the 
reaction proceeds in two stages. This is especially clear from the curve marked 
with the triangles which is the increase in lysis with each increment of dilution. 
It is possible that down to about 0.245 M, the yolk particles are lysed osmotically, 
but that in lower concentrations some other process is operating. 


TABLE IV 
Permeability of yolk granules to water (K’) 






















































































Molarity Nas citrate | 0.00 | 0.035 0.070 0.105 | 0.140 | 0.175 | 0.210 | 0.245 0.280 
. | | i 

So | 0.00 | 2.61 4.58 6.56 8.53 | 10.50 | 12.47 | 14.44 | 16.42 
eco | | — - 

Per Lytic 

cent osmotic | | | 

lysis pressure 

27 18.38 0173 | .0160 | .0161 .0210 | .0169 | .0164 | .0158 .0156 | .0060 
51 | 16.42 .0321 | .0281 .0268 | .0285 .0244 | .0230 .0215 .0122 

68 | 14.44 .0475 | .0346 | .0273 .0196 | .0106 

71 12.47 .0769 | .0491 .0322 | .0159 | 

73 10.50 .1234 | .0691 .0289 

78 8.53 | .1996| .0605 | | 

81 6.56 .3211 | .0220 | 

86 4.58 .6921 | 

92 2.61 | 1.1394 | 











The rate of the reaction increases with dilution, as shown in Table II. This 
is consistent with the osmotic hypothesis. However the results of calculating 
K’ (Table IV) do not lend support to this hypothesis. K’ does not have the 
same value for all concentrations and all degrees of lysis. Indeed, it ranges 
from 0.0060 to 1.1394 in a very regular manner. Seemingly a simple osmotic 
hypothesis cannot explain these results. Perhaps an actual solution of the yolk 
particles in hypotonic solution occurs. 


SUMMARY AND CONCLUSIONS 


A method has been developed with which it is possible to obtain relatively 
pure suspensions of cytoplasmic granules in good physiological condition. With 
these preparations, some of the properties of thé granules have been studied. 
It seems clearly established that the pigment granules are actually vacuoles, 
and that they show osmotic activity. No certain conclusions can be drawn 
about the yolk granules. 

During the first few seconds of swelling, the pigment vacuoles show rather 
good agreement with the Boyle-Van’t Hoff law. However, as exposure to 
hypotonic solutions continues, the rate of lysis falls below the expected value. 
This is interpreted as due to a leakage of osmotically active materials, probably 
salts, from the vacuoles, thus reducing the osmotic gradient, and therefore 
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causing water to enter more slowly. The permeability constant of the pigment 
vacuoles seems to be somewhat higher than that of the cell as a whole. The 
vacuoles therefore tend toward osmotic equilibrium with the rest of the cell at 
all times. They do not constitute part of the osmotic dead space found by 
McCutcheon, Lucké and Hartline in the Arbacia egg. 

If the interpretation that the granules are leaky is correct, they will tend 
toward equilibrium with the rest of the cell in respect to salts and to organic 
substances, although they are not permeable to the echinochrome-protein 
complex. 

This information may eventually be of considerable importance for our 
understanding of the intimate problems of cellular metabolism and activity. 
Ultimately, students of cellular permeability, metabolism, or many of the other 
problems of cell physiology will have to consider the individual properties of all 
the components of the cell. 
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THE RADIOSENSITIVITY OF EGGS OF ARBACIA PUNCTULATA IN 
VARIOUS SALT SOLUTIONS! 


KARL M. WILBUR** AND RICHARD O. RECKNAGEL 


(The Marine Biological Laboratory, Woods Hole; Department of Zoology and Entomology, The Ohio 
State University; and the Zoological Laboratory, University of Pennsylvania) 


A variety of experimental procedures has been shown to alter the sensitivity 
of cells to x-rays and radium. Resistance to radiation can be increased by a 
reduction of oxygen (Crabtree and Cramer, 1933; Mottram, 1935; Anderson and 
Turkowitz, 1941); by the use of appropriate concentrations of ammonia (Zirkle, 
1936; Marshak, 1938); CO» and H2S (Zirkle, 1936, 1940, 1941) and by addition of 
protein to the medium in which the cells are immersed (Evans et al., 1941). Con- 
versely, certain agents increase the radiosensitivity of biological material (see 
Scott, 1937). The present study has been carried out to ascertain whether 
alteration of the salt environment, which will in turn cause changes in the ionic 
composition, and to some extent the colloidal state of the protoplasm, will 
influence the action of x-radiation on the living cell. 


Three solutions have been used to alter the ionic composition of the egg: 
isotonic potassium citrate; a mixture of isotonic MgCl, and sea water; and a 
mixture of isotonic CaCl, and sea water. Potassium citrate is of particular 
interest in this connection in that it will remove a large part of the calcium from 
the cell and at the same time is relatively non-toxic. A further point of interest 
lies in its inhibition of the reactions initiated by ultra-violet light in the Nereis 
egg (Heilbrunn and Wilbur, 1937). Magnesium, like citrate, is inhibitory with 
respect to ultra-violet action (Wilbur, 1939). Calcium is antagonistic to both 
citrate and magnesium in many reactions of living material and so has been 
studied along with these two ions in the present work. 


METHODS 


Prior to irradiation 0.1 to 0.2 cc. of concentrated eggs was added to 40 cc. 
of the experimental solution or sea water for various periods. The eggs were 
then transferred to small plastic dishes for irradiation. Following irradiation 
0.15 to 0.25 cc. of solution containing the irradiated eggs was placed in 250 cc. 
of sea water to remove the experimental solution; and approximately 6 minutes 
later the eggs were transferred to a second dish of sea water which contained 
sperm. The time required for 50 per cent of the eggs to complete first cleavage 
was determined by fixing samples at 2-minute intervals in 1 per cent or 2.5 per 
cent formaldehyde in sea water after examination of the eggs showed that cleavage 
had begun. In a few instances in which the cleavage time occurred very slowly 


1 A grant from the Graduate School of The Ohio State University is gratefully acknowledged. 
? A portion of this work was carried out during the tenure of a Rockefeller Fellowship. 
3 Present address: Physiology Dept., Dalhousie University, Halifax, Canada. 
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samples were fixed at 3-minute intervals.‘ By this method one can estimate 
the time to 50 per cent cleavage in normal eggs within one or two minutes. 
After very large doses of x-rays many of the eggs show multipolar cleavage, and 
it is not always easy to decide the exact time at which the cleavage furrows have 
cut completely through the egg. In such cases determinations of the time of 
cleavage are accordingly somewhat less accurate. In most experiments the 


TABLE I 
Effect of x-radiation on Arbacia eggs following treatment with 0.35 M potassium citrate 


Cleavage time of non-irradiated | Cleavage time of eggs receiving Cleavage time of eggs receiving 
30,400 r | 53,200 r 


| 
| 
| 
—— 


Eggs treated with E 4 Eggs treated with - Eggs treated with 
potassium citrate gs in potassium citrate potassium citrate 


sea water sea water | 
through. |-———"——"—"""""|_ throughe |(——————————""""——_|_ through- 
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= For 30 min.|For 60 min. - |For 30 min.|For 60 min. = 
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* Total cleavage 76%-79%. 
t Total cleavage 85%-86%. 


percentage of multipolarity was estimated for the control and experimentally- 
treated eggs. Only those batches of eggs were used which on fertilization showed 
well-lifted membranes on at least 95 per cent of the eggs. During treatment 
with experimental solutions and x-radiation the eggs were at room temperature, 
which varied from 21 degrees to 26 degrees. Fertilization and cleavage were 
carried out in a water bath at a temperature of 25.01 + 0.06 degrees. 

The following solutions were used :0.35 M potassium citrate; CaCl.-sea-water 
mixture consisting of two parts of sea water and one part 0.3 M CaCl»; and a 
MgCl,-sea-water mixture made up of equal parts of 0.3 M MgCl: and sea water. 
The calcium content of the CaCl,-sea-water mixture is approximately 9.6 times 


*A very few times the small numbers of available eggs made it necessary to make counts 
on the living eggs. 
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that of sea water. The MgCl.-sea-water mixture has a magnesium content 3.3 
times that of sea-water. The pH of sea water was 7.9, and the pH of all experi- 
mental solutions was 7.6 + 0.2. 

The x-radiation was carried out with the dual tube self-rectifying outfit 
available at the Marine Biological Laboratory. The secondary voltage was 182 
kv., and the current on each tube was 25 ma. The distance from the center of 
each target to the center of the material irradiated was 9.5 cm. The eggs were 
irradiated in small plastic dishes approximately 2 cm. in diameter. The depth 
of the solution containing the eggs was approximately 0.9 cm. Experiments 1 
through 8 (Table I) were carried out at an output of 7,600 r per minute, while 
all other experiments were exposed at an intensity of 5,600 r per minute. 

Viscosity was determined by means of an Emerson hand centrifuge at a 
centrifugal force of approximately 1960 X gravity (Wilbur, 1940). 


RESULTS 


Experiments with Potassium Citrate 
Cleavage Time 


Unfertilized eggs treated with 0.35 M potassium citrate for 30 and 60 minutes 
were given various doses of x-rays and returned to sea water within 30 seconds 
following irradiation. The well known effect of roentgen rays in delaying the 


TABLE II 


Effect of x-radiation on Arbacia eggs treated with potassium citrate for 20 minutes 
prior to and 20 minutes following irradiation 


Cleavage time of non-irradiated Cleavage time of eggs receiving Cleavage time of eggs receiving 
eggs 15,200 r 30,400 r 


| Eggs treated | = 
Eggs in with potassium Eggs in a. Eggs in am omnes 
sea water | citrate for sea water itrat ; | sea water —_ t 
| 40 minutes | ne citrate 


45 min. | 45 min. | 82 min. 82 min. | 110 min. | 103 min. 
(for 63% cl.) | (for 63% cl.) | 
tes | 87 | 


46 min. | 46 min. 128 | 1B 
43 42 72 70 126 120 
45 47 | 82 81 | 125 | 417 
45 | 45 | 79 66 138 108 
45 } 115 102 170 | 154 
46 Exovates on | No exovates. | Exovates on | Exovates 
nearly all. | 98% cleavage! nearly all. |rare. 100% 
| Poor cleavage Poor cleavage} cleavage 
79 78 128 | 116 


NDM& Wr 


cleavage time is shown in Table I. With a dose of 30,400 r the eggs which had 
been in potassium citrate for 60 minutes cleaved somewhat sooner than the sea- 
water controls in four of the five cases (columns V and VII). With 53,200r in 
12 of the 13 cases studied the citrated eggs cleaved several minutes sooner than 
those in sea water (columns VIII, LX and X); and the 30-minute citrate treatment 
was quite as effective here as the 60-minute treatment. Smaller doses of 3,800 
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and 15,200 r delay cleavage to the same degree in citrated treated eggs and eggs 
in sea water (not shown in table). 

Eggs treated with potassium citrate for 20 minutes prior to the completion 
of irradiation and allowed to remain in citrate for 20 minutes following irradiation 
were also protected from the x-ray action to some degree. The effect is clear-cut 
with 30,400 r and is indicated in some cases at 15,200 r (Table II). Although 
a 30-minute treatment with citrate prior to and during x-radiation has little or 
no protective action for a dose of 30,400 r (Table I, columns V and VI) a 20- 
minute treatment prior to and during x-radiation and followed by an additional 
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FiGureE 1. Viscosity of unfertilized Arbacia eggs in 0.35 M potassium citrate. ‘The relative 
viscosity (ordinates) was measured following treatment in potassium citrate for various periods. 
(abscissas). pH 7.6 Temperature 24.0-25.2° C. 


20-minute immersion after irradiation may inhibit the x-ray action. The 
difference is not especially striking, and we should not care to stress the point 
on the basis of the evidence at hand. However, the data do suggest the inter- 
esting possibility that the x-ray effect can be inhibited somewhat by changing 
the ionic composition of the protoplasm following the period of irradiation. 
When eggs are x-rayed in sea water and immersed in potassium citrate 
immediately afterward, the citrate has no protective action. Five such experi- 
ments were carried out in which eggs were given doses of 15,200 and 30,400 r 
and changed from sea water to citrate in less than 30 seconds following irradiation, 
and immersed for 30 minutes. In this case some time would be required for 
equilibrium to be established between the citrate and the egg; and reactions 
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initiated by the radiation may have gone to completion before the citrate exerted 
its full effect.* 


. 


Viscosity 


The effect of 0.35 M potassium citrate on the colloidal state of the Arbacia 
egg at the time of irradiation as reflected in its viscosity has been studied. The 
viscosity changes of eight batches of eggs have been determined, and the results 
for four of these are shown in Figure 1. It is to be noted that potassium citrate 
causes an increase in viscosity. The highest value is usually reached in 30 
minutes and maintained constant with continued immersion. Our concern has 
not been with the mechanism of the viscosity increase produced by potassium 
citrate. However, it may be pointed out that the potassium ion will in itself 
increase the viscosity of protoplasm (Heilbrunn, 1937). Mazia (1940) has found 
a marked decrease in the calcium content of Arbacia eggs treated with potassium 
citrate; and this has been confirmed by Miss Pauline Hamilton for the particular 
conditions of our experiments. 


Experiments with Magnesium Chloride 


Experiments similar to those with potassium citrate were carried out with a 
mixture of equal parts of 0.3 M MgCl, and sea water. The total period of 
immersion in the experimental solution was 60 minutes. The response to 
x-radiation of eggs treated with this mixture was much the same as in sea water. 
In each of six experiments doses of 15,200 r and 30,400 r were used. <A dose of 
53,200 r was employed in four experiments. 

Viscosity determinations on eggs immersed for 55 minutes in the MgCl,-sea- 
water mixtures revealed a slight decrease in seven of nine batches of eggs. The 
average decrease in viscosity for these seven samples was approximately 12 
per cent. 

Experiments with Calcium Chloride 


The effects of x-radiation on eggs treated for 60 minutes with a mixture of 
one part 0.3 M CaCl, and two parts sea water were similar to those produced on 
eggs irradiated in sea water. Doses of 3,800 r, 15,200 r, 30,400 r and 53,200 r 
were used. 

The CaCl»-sea-water mixture resembles MgCl»-sea-water mixture causing a 
slight decrease in the viscosity of unfertilized eggs. The average decrease for 
five batches of eggs was about 15 per cent after 60 minutes treatment. 


The Viscosity of Unfertilized Eggs Following X-Radiation 


In collaboration with Mr. Walter Wilson the viscosity of unfertilized Arbacia 
eggs has been studied after irradiation in sea water in order to ascertain whether 
roentgen rays will produce viscosity changes in the living cell. A dose of 30,400 r 
was employed and the viscosity determined 25 minutes following the completion 


5 Such an assumption, however, involves an apparent contradiction in that the possible 
enhanced effect resulting from leaving eggs in citrate for a 20-minute period following irradiation 
would argue that the x-ray effect was not complete shortly after irradiation. But the situation 
in which sea water replaces citrate is not necessarily comparable to the present one in which 
citrate replaces sea water. 
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of the irradiation or approximately 304 minutes from the time that irradiation was 
begun. The viscosity determinations were carried out at 24.4-25.8°C. This 
dosage has a drastic effect upon cleavage. The average cleavage time for 21 ex- 
periments was 134 minutes as compared with 44 minutes for the non-irradiated 
control eggs. The majority of eggs receiving this dosage also exhibit multipolar 
cleavage. However, this relatively enormous dose failed to produce detectable 
changes in the viscosity of the egg (five experiments). 

The centrifuge method as used here would enable one to distinguish between 
a relative viscosity of 70 units and one of 60 units, for example. Our negative 
results therefore apply only to differences of this order of magnitude. 

We are indebted to Dr. L. V. Heilbrunn for his co-operation and advice; 
to Miss Pauline Hamilton for her kindness in carrying out the calcium analyses; 
and to Dr. F. R. Hayes for helpful suggestions during the preparation of the 
manuscript. 


DISCUSSION 


The data presented indicate that potassium citrate inhibits the effect of 
x-radiation on cell division. However, the inhibition is slight and appears only 
with high x-ray doses. The effect of the citrate treatment prior to irradiation 
is to increase the viscosity of the protoplasm and to reduce the calcium content. 
But it is also almost certainly true that immersion of a cell in potassium citrate 
upsets the entire ionic equilibrium of the cell and not merely the calcium content. 
In view of this, the influence of the potassium citrate treatment may involve 


substances other than calcium. Dale (1942) found that various substances, 
including sodium oxalate, sodium nitrate and sodium nitrite, would inhibit the 
destruction of d-amino-acid oxidase by x-rays. As yet, however, there is no 
justification for assuming enzyme inhibition by citrate in the case of the Arbacia 
egg. 

The experiments with calcium-rich and magnesium-rich sea water together 
with the citrate experiments at lower x-ray doses indicate that the egg probably 
can tolerate a considerable change in ionic composition without an alteration in 
radiosensitivity. That the colloidal state of the protoplasm was affected by the 
addition of these ions is shown in most cases by a change in the viscosity which 
is increased by potassium citrate and decreased by sea water containing excess 
calcium or magnesium. 

Experiments were described pointing to a possible action of potassium citrate 
after the period of irradiation. Even in those cases in which eggs were changed 
from citrate to sea water immediately following irradiation, some time would be 
required before equilibrium could be established. It may be true that the entire 
action of citrate is exerted after irradiation. If such is the case, one would have 
to assume that at least a portion of the x-ray action is indirect. That is, the 
x-radiation initiates a reaction which is partially inhibited in the citrated egg. 

It is rather remarkable that the viscosity of the unfertilized egg is unchanged 
by doses of radiation which so greatly alter the rate and normal course of cell 
division. The direct coagulation of proteins as an explanation of the biological 
effects of roentgen rays would seem to be ruled out in the present study (see 
Zirkle, 1940). 
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We should like to suggest that the chief action of x-rays on the egg is the 
alteration of some system, perhaps enzymic, which comes into prominence after 
fertilization and is of particular importance for certain phases of mitosis. This 
explanation has also been suggested for colchicine which may be without effect 
on the viscosity of the unfertilized Arbacia egg, yet changes the viscosity of the 
fertilized egg and inhibits cell division (Wilbur, 1940). That radiation may 
interfere with cellular respiratory systems has been pointed out by several 
workers (see, for example, Crabtree and Cramer, 1933; Rudisill and Hoch, 1938). 

We may call attention to the interesting fact that eggs can be treated for 
relatively long periods with isotonic potassium citrate or solutions of high calcium 
or magnesium content and yet on return to sea water they can be fertilized and 
will usually cleave at a normal rate. The citrate and magnesium treatments may, 
however, cause a slight amount of multipolarity. 


SUMMARY 


1. Treatment of Arbacia eggs with 0.35 M potassium citrate inhibited the 
retarding action of x-radiation on cell division. However, the inhibition by 
citrate was slight and appeared mainly with high x-ray doses (30,400 and 53,200 r). 

2. The radiosensitivity of the egg was unaffected by increasing the calcium 
or magnesium content of the sea-water medium. 

3. The potassium citrate treatment employed increased the viscosity of the 
unfertilized egg. The viscosity was decreased slightly in the sea-water solutions 
of increased calcium or magnesium content. 

The data presented indicate that changes in the ionic composition and 
viscosity of the protoplasm may occur without altering the sensitivity of the egg 
to x-radiation. 

4. Doses of x-radiation which markedly altered the rate and normal course 
of cell division produced no detectable change in the viscosity of the unfertilized 
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THE DISTRIBUTION AND REPRODUCTION OF SAGITTA ELEGANS 
ON GEORGES BANK IN RELATION TO THE 
HYDROGRAPHICAL CONDITIONS 


GEORGE L. CLARKE, E. LOWE PIERCE, AND DEAN F. BUMPUS 
(Biological Laboratories, Harvard University and Woods Hole Oceanographic Institution) ' 


During the past few years an investigation has been undertaken of the factors 
underlying the productivity of Georges Bank, an extensive fishing area lying 
east of Cape Cod (Fig. 1). The economy of this area depends upon various 
interdependencies of the fish populations, the bottom fauna, and the plankton; 
and all are profoundly affected by the complex of strong currents and persistent 
eddies which are found on the Bank. In order to understand the essential 
ecological relationships, it is therefore necessary to gain a knowledge of both the 
hydrography and the biology of the waters of the region. 

The present study of the abundance, distribution, and seasonal cycle of 
reproduction of the chaetognath, Sagitta elegans, was undertaken first because 
this species forms a prominent element in the zooplankton of Georges Bank, and 
second because Sagitta may be used as a ‘‘current indicator”’ to aid in unravelling 
the involved current system of the region. This species is a relatively large, 
easily recognized member of the zooplankton and its body length and maturity 
stage are readily determined. The life span of Sagitta elegans is sufficient to 
bridge periods of six weeks or more, with the result that in cases where observa- 
tions are repeated each month, the same population may be identified from one 
cruise to the next. This condition presents a desirable contrast to more rapidly 
reproducing organisms, such as diatoms, in which populations of large dimensions 
may appear or disappear within a week or so. 

Certain relatively recent investigations of the ecology of Sagitta in other 
regions are available for comparison, but none had the advantage of our quanti- 
tative collection method, nor the opportunity for revisiting as frequently over a 
two-year period an extensive net-work of stations as characterized the present 
undertaking. The breeding and growth of Sagitta elegans was studied by Russell 
(1932; 1933) off Plymouth, England, and by Pierce (1941) in parts of the Irish 
Sea. Sagitta elegans has been employed successfully as a current indicator in 
British waters by Russell (1939) and the distribution of the species by currents 
in the Gulf of Maine has been critically investigated by Redfield and Beale (1940). 


COLLECTION AND ANALYSIS OF MATERIAL 


Samples of plankton and hydrographic data for the present study were 
obtained from the research vessel, ‘‘ Atlantis”, during eleven cruises to Georges 
Bank from September 1939 to June 1941 (Table I). On each cruise a net-work 
of 21 to 52 stations was occupied over the Bank. In all cruises (except that of 


1 Contribution No. 328. 
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January, 1940) the stations were ordinarily placed at 15-mile intervals on five 
or six parallel sections, about 25 miles apart, running SE and NW across the 
Bank and into the immediately adjacent waters. The location of the stations 
is indicated in the charts showing the distribution of Sagitta (Figs. 5 and 6). 
The stations covered the region from South Channel on the southwest to the 
eastern tip of Georges Bank and from the deep basin of the Gulf of Maine on 
the northwest to the edge of the continental shelf on the southeast. No stations 


TABLE [| 


List of cruises to Georges Bank 


| 
Cruise no. Date No. of stations Station serial nos. 


89 Sept. 6-13, 1939 52 3629-3680 





93 Jan. 4-11, 1940 21 . 3726-3746 


95 Mar. 21—Apr. 2, 1940 35 3792-3826 
96 Apr. 17-27, 1940 26 3827-3852 
97 May 9-16, 1940 33 3856-3888 
98 June 1-8, 1940 36 3892-3927 
100 June 19-27, 1940 36 3932-3967 


112 Mar. 21-Apr. 2, 1941 33 4177-4209 
113 Apr. 15-23, 1941 34 4210-4243 
114 May 7-14, 1941 34 4244-4277 
116 | May 28-June 4, 1941 33 4278-4311 


could be made in the immediate vicinity of Cultivator and Georges Shoals. 
The segment of the ocean covered by the station net-work of each cruise was 
more than 150 miles long and 100 miles wide, or an area larger than the states 
of Massachusetts, Connecticut, and Rhode Island combined (Fig. 1). 

Standard hydrographic observations for salinity and temperature were made 
at every station and Secchi disc measurements of transparency were carried 
out during daylight stations. Studies of certain chemical characteristics of the 
water and of the phytoplankton population were undertaken by collaborating 
investigators (Sears, 1941; and Riley, 1941 and 1942). 

The zooplankton was collected at each station by means of two or more hauls 
with Plankton Samplers (Clarke and Bumpus, 1940) and one haul with a stramin 
net. Sagittae were taken in adequate numbers in both types of equipment and 
the two sets of hauls served as a check on one another. 

The opening of the Plankton Sampler, which is 12.7 cm. in diameter, is 
provided with a shutter, and each instrument contains a meter which records the 
amount of water filtered by the net. In the present case, the instruments were 
equipped with No. 2 silk nets (22 strands/cm.) and ‘‘oblique’’ hauls ' were made 
at a speed of about 2 knots for periods of 25 to 40 minutes. Ordinarily between 
10 and 20 cubic meters of water were filtered during each tow, but the action of 


1In an “oblique” haul the net is towed horizontally but is raised in steps so that the whole 
depth of the stratum concerned is sampled. The Sampler could be towed safely down to within 
three meters of the actual bottom. 
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the tide or of clogging was such that values as low as 5 m.* and higher than 
30 m.* were recorded. This variation makes clear the need for measuring the 
amount of water which actually passes through the net. The Samplers were 
arranged vertically so as to divide the total depth of water into two or three 
strata and, when feasible, were attached to the same cable. The uppermost 


FicureE 1. Orientation map of Atlantic Coast. The location and relative size 
of Georges Bank are indicated. 


instrument sampled the ‘‘Shallow’’ Stratum, extending from a depth of 25 m. to 
the surface. The lower limit of this stratum corresponded roughly with the 
position of the thermocline in those areas where it existed. At stations where 
the water was less than 75 m. deep, the ‘‘Second-depth”’ Stratum extended from 
the bottom to 25 m. In water deeper than 75 m., however, the remaining 
distance to the bottom (or to a maximum depth of 200 m.) was divided into two 
equal parts and these comprised the ‘“Second-depth” and the “Deep” Strata 
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respectively. The vertical distribution of the sagittae could therefore be studied 
on the basis of these strata: 


Stratum Water less than 75 m. Water more than 75 m. 


“Shallow” 0 m. to 25 m. 0 m. to 25 m. 

“‘Second-depth” 25 m. to bottom 25 m. to half distance to bottom (or to half distance to 
200 m.) 

“Deep” — Remaining distance to bottom (or to 200 m.) 


The stramin net (Diameter: 1.5 m., Mesh: 6 strands/cm.) was equipped with 
rollers at the lower edge of its frame in order that it could be safely lowered until 
it touched the bottom. One “oblique’’ haul was made from the bottom (or 
from a depth of 200 m.) to the surface at each station. When proper allowance 
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Ficure 2. Comparison of length frequency distribution of Sagitta elegans for the following 
types of nets: 
Plankton Sampler (12.7 cm. in diameter) with No. 2 silk. 
Silk net (75 cm. in diameter) with No. 2 Silk. 
Stramin net (1.5 m. in diameter). 


was made for the difference in the sizes of the apertures of the stramin net and 
the Plankton Samplers, a good agreement was found between the numbers of 
sagittae taken by the former and the sum of the catches of the latter at each 
station. 

Before the work was begun, it was doubted whether the relatively small 
Plankton Sampler would catch the larger sizes of an active animal, such as 
Sagitta, in their true proportions. For the first cruise (September 1939), there- 
fore, a silk net 75 cm. in diameter and of the same mesh, was towed immediately 
below the Plankton Sampler. Since comparison of the length frequency distribu- 
tion of the sagittae taken by the two sizes of nets showed exceptionally good 
agreement (Fig. 2), it is felt that the catch of the Plankton Sampler can be relied 
upon. In the January cruise sagittae as large as 30 mm. in length were retained 
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by the Sampler. On the other hand, the stramin net was shown not to retain 
adequately the smallest sizes of sagittae. For these reasons and especially 
because of the accuracy of the determinations of depth and volume with the 
Plankton Samplers, the ensuing analysis of the abundance and distribution of the 
Sagitta populations is based primarily upon the hauls with these instruments. 
The present observations can therefore be placed on @ quantitative basis not 
hitherto possible. 

The sagittae were separated from the remaining plankton in the laboratory 
and the species present were identified and enumerated.' The great majority of 
sagittae were Sagitta elegans but specimens of S. serratodentata and a smaller 
number of S. enflata were encountered in certain hauls from the periphery of 
Georges Bank. For each station the average number of S. elegans per cubic 
meter was calculated for each stratum by dividing the number caught in each haul 
by the volume of water filtered by the Plankton Sampler. The total number of 
individuals under each square meter of sea surface was found by multiplying the 
number per cubic meter for each stratum by the thickness of the appropriate 
stratum and then adding these products together. Finally the average number of 
animals per cubic meter for the whole water column at each station was obtained 
by dividing the foregoing value by the total depth of water at each station. 
These average values per cubic meter (or per ten cubic meters) have been plotted 
on the charts showing quantitative distribution (Figs. 5, 6, and 10), but they 
may readily be re-converted to the ‘‘ per square meter”’ basis by multiplying by 
the depth in each case. 

Length measurements were made of all specimens of Sagitta elegans in each 


haul up to a maximum of 50. The stage of maturity was also determined for 
the individuals of this species in most of the hauls in each cruise from all parts 
of the Bank. Animals from each haul (usually between 20 and 50 individuals) 
were stained by the method described by Pierce (1941, p. 115), and then were 
classified as Stage I—IJmmature, Stage 11—Intermediate, or Stage I1I— Mature, 
following the criteria of Russell (1932, p. 134). 


GENERAL HYDROGRAPHICAL CONDITIONS 


The depth of the major portion of Georges Bank lies between 40 m. and 
100 m., although areas of less than 25 m. occur in the north central portion, and 
the Shoals themselves are covered by only 5 to 15 m. of water. Along the 
northern edge of the Bank the bottom drops rapidly from about 40 m. to more 
than 200 m. as the deep basin of the Gulf of Maine is approached. Along the 
southern edge the depth changes somewhat more gradually from 100 m. to 200 m. 
Beyond 200 m. it increases rapidly to about 2000 m. 

Georges Bank is therefore, roughly speaking, a submerged, flat-topped plateau 
(Fig. 3), and it presents a sufficiently large obstacle to water movement to produce 
a profound effect on the ocean currents of this region. Although the details of 
the water movements over and around the Bank have never been adequately 
determined, especially for the colder part of the year, it has been well established 
in general that during the summer months at least, water from the Gulf of Maine 


! The authors are indebted to Miss Dorcas Delabarre for technical assistance in the analysis 
of the Sagitta material. 
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does not flow directly across the Bank but tends to move around the eastern 
and southern margins of the Bank in a clockwise direction, leaving a relatively 
stationary eddy of water over the central part of the Bank. From the point 
of view of the ecology of the Bank, our interest in the current system lies in the 
question of the degree of permanence of this eddy, and in the extent to which 
the ‘‘bank water”’ can be regarded as biologically isolated from the surrounding 
regions. 

The eddy on the Bank might be dislodged by relatively slight changes in the 
strength or position of the surrounding ocean currents (Iselin, 1939), or it might 
be disrupted by the action of certain local agents. The strong tidal currents on 


WESTERN SEGTION 
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FiGure 3. Vertical sections for temperature and salinity for September 1939 (cruise 89). 
The contour of Georges Bank is indicated by the cross hatching from the Gulf of Maine on the 
left to the edge of the Continental Shelf on the right. Station numbers appear at the top of the 
diagrams. The figures on the salinity curves are to be increased by 30 to give the actual values 
in parts per mille. 


the Bank cause the overlying water to oscillate in generally elliptical paths, the 
long diameters of which may exceed eight miles. Winds, which frequently reach 
gale velocities, sweep unimpeded across the area, tending to force the surface 
water along with them. The danger would thus appear to exist that from time 
to time the bank water might be swept entirely off the Bank, carrying with it 
the pelagic stages of animals which, as adults, could live only in a bank environ- 
ment, or removing an element of the plankton which is essential to the economy 
of the Bank. Even though no cataclysmic dislocation of the bank water occurred, 
it is important to know to what extent a dilution or a renewal of the water mass 
may take place through continuous or intermittent admixtures of new water from 
one direction or another. 

The turbulence produced by the tidal currents and by the wind in the rela- 
tively shallow water overlying Georges Bank causes a vertical mixing of the 
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water which results in a nearly uniform distribution of temperature and salinity 
from top to bottom at all seasons of the year, particularly in the central part of 
the Bank. The bank water thus contrasts sharply with the surrounding water 
masses, which are typically stratified during all except the winter months. Since 
the temperatures and salinity values on the Bank are generally intermediate 
between those of the surface and the deeper strata on the Gulf of Maine but 
usually much lower than those of the water lying to the south, we know that the 
bank water is originally derived, in a large part at least, from the Gulf (Figs. 3 
and 4). That portion of the Bank over which vertically uniform water was 
found is termed the Mixed Area, and all stations at which the salinity does not 
vary by more than 0.2 part per mille from surface to bottom are considered to 


SALINITY +30.0%> 





FiGurE 4. Vertical sections for temperature and salinity for May 1940 (cruise 97). 


lie within it.' The limits of the Mixed Area are ordinarily rather sharp, and have 
been indicated by a heavy broken line in the charts of Sagitta distribution for 
each cruise (Figs. 5, 6, and 10). 

The vertical uniformity of the temperature and salinity within the Mixed 
Area presents an ecological condition for the Bank organisms which is quite 
unlike that for the oceanic forms living in the stratified water of the adjacent 
deeper areas. Moreover, seasonal changes in these factors are somewhat damped 
by the continued vertical mixing, as is seen by reference to Tables II and III. 
The seasonal range in temperature for the Mixed Area extended from a minimum 
of about 2.5°C. to a maximum of over 16°C. Surface temperatures in the 
regions to the north and to the south of Georges Bank were generally higher in 
summer and lower in winter. Furthermore, during the winter pelagic animals 
living at the surface in these neighboring areas could find warmer water by 
descending to lower strata, and similarly during the summer they could escape 
excessively high temperatures by seeking greater depths. In contrast, the fauna 


! Uniformity of salinity, rather than temperature, was taken as the criterion for the Mixed 
Area because in the present situation salinity is less easily modified after the water has reached 
the Bank. 
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TABLE II 


ieiien of temperatures in the Mixed Area and in the Stratified Water 
at the margins of Georges Bank 


Values given are for typical stations near the center of the Bank and in the deeper water to 
the north and to the south. At the stations in the Mixed Area temperatures did not vary by 
more than 1.6° C. from surface to bottom and in most cases the variation was much less. 


Mixed Area North Margin South Margin 


Aver. temp. Surface 100 m. Surface 100 m. 
Sept., 1939 16,5° C. 16.4° C. 6.3° C. 19.3° C. oF ¢:* 
Jan., 1940 4.1 3.3 6.8 4.6 6.2* 


Mar., 1940 : og ; 2 5.3 2.8 ’ 
Apr., 1940 | 3.7 ; - oe 3.4 4.7 11.2 
May, 1940 4.8 | 2 ‘ 6.1 7.8* 
June 1-8, 1940 7.2 ' 3. 10.8 9.3 
June 19-27, 1940 8.5 ; ; 10.3 





Apr., 1941 3.9 ’ " 3.2 4.9 
May, 1941 4.6 i 5 4.0 4.5 
June, 1941 6.8 ; ’ 7.3 5.4 








| shied 
Mar., 1941 | 2.7 ‘ y 2.9 4.9 
ieee eco ch iid 





* Value at somewhat less than 100 m. 


TABLE III 


Comparison of salinities in the Mixed Area and in the Stratified Water 
at the margins of Georges Bank 


Values given are for typical stations near the center of the Bank and in the deeper water to 
the north and to the south. At the stations in the Mixed Area salinities did not vary by more 
than 0.2°/o from surface to bottom. 








| 
| Mixed Area North Margin | South Margin 





Aver. salinity Surface 100 m. Surface 100 m. 


Jan., 1940 32.8 31.5 , 32.9 33.2* 


Sept., 1939 | 32.5 32.5% | 32.1% 33.4% oo 33.8°/o0* 


Mar., 1940 32.8 , ’ y 33.0* 
Apr., 1940 33.0 \ ; . 35.3 
May, 1940 | 32.8 . 5 : 34.1* 
June 1-8, 1940 | 32.8 i . ; 33.5* 
June 19-27, 1940 32.7 , ’ : 34.4 


| 

| 327 | 320 
Mar., 1941 | 32.7 | & ; : 33.4 
Apr., 1941 | 32.5 , ‘ 1 33.5 
May, 1941 | 32.5 ' 33.4 
June, 1941 | 32.7 ’ 33.5 














* Value at somewhat less than 100 m. 
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of the central bank waters could reach a materially different temperature only 
by migrating laterally entirely out of the Mixed Area. A similar situation 
obtains in regard to salinity, although there is little evidence that changes in 
salinity, per se, of the magnitude encountered in this region are of ecological 
importance. On the other hand, differences in density, which result in large 
part from the salinity, are bound to be critical for passively floating organisms, 
and the lack of a pronounced vertical density gradient in the Mixed Area, as well 
as the excessive turbulence there, presents a very special problem for such forms. 


QUANTITATIVE DISTRIBUTION OF SAGITTA ELEGANS 
Vertical Distribution 


The numerical abundance of Sagitta elegans varied greatly among individual 
hauls, ranging from a maximum of 165 specimens per cubic meter! to zero. 
When the hauls of each cruise are considered together, however, certain general 
trends in the changes in the Sagitta population become clear. The changes in 
horizontal distribution from cruise to cruise will be presented in the next section. 
In this section the variations in the vertical distribution will be considered as 
derived at each station from the separate hauls with the closing Plankton Samplers 
for the Shallow Stratum, the Second-depth Stratum, and the Deep Stratum. 
At stations where the depth of water was less than 75 m. the Second-depth haul 
extended to the bottom. Since this situation obtained at the majority of stations 
within the Mixed Area, the chief comparison for vertical distribution is between 
the Shallow Stratum and the Second-depth Stratum. 

It is obvious that vertical distribution at stations made during the day 
(between the hours of sunrise and sunset) had to be distinguished from the 
situation at stations made during the night, since a diurnal migration of the 
animals was to be expected (Russell, 1933). Furthermore, if a vertical migration 
of the Sagitta tended to take place, very different conditions would be met with 
according to whether the station was in the Mixed Area or in the Stratified Area. 
If the animals encountered a thermocline, their movement might be stopped, 
or reversed (cf. Clarke, 1934). For the foregoing reasons the hauls upon which 
the analysis of the vertical distribution of Sagitta elegans is based, have been 
subdivided into those made at stations in the Mixed Area and those made at 
stations in the Stratified Area and have been further subdivided in each case 
into day and night hauls. 

The average abundance of Sagitta elegans for all stations in each of these 
categories varied considerably from cruise to cruise (Table IV). In September 
the larger number of animals was found in the Second-depth Stratum in all cases, 
although at night in the Mixed Area an almost equally great number was taken 
at the upper level. In the winter and early spring of 1940 much smaller average 
numbers of sagittae were encountered and the differences in the various strata 
were not large. A tendency for the largest hauls to occur in the Deep Stratum 
is to be noted for May 1940, but this generality does not hold for the more 
sizable catches of the June cruises of that year. During the early spring of 
1941 small numbers of sagittae were again encountered and their vertical distri- 


1 Shallow stratum haul, May 30, 1941, made in south central part of Bank and consisting of 
very small individuals. 
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TABLE IV 
Numerical abundance of S. elegans in the separate strata. Average number per cubic meter in the 
indicated categories. 


X indicates an abundance of less than 0.1/m*. Values placed in parentheses are based on a 
total of less than 5 hauls. 





Mixed Area 





Cruise | Stratum 
Day 


Sept., 1939 89 Shallow 5.3 


2nd Depth | 10.8 


| 
| 
Jan., 1940 93 Shallow “| 
2nd Depth | 
Deep 
Mar., 1940 Shallow 
2nd Depth 
| Deep 
Apr., 1940 | Shallow 
2nd Depth 
| Deep 
May, 1940 Shallow 
2nd Depth 
Deep 
June 1-8, 1940 Shallow 
2nd Depth 
| Deep 
June 19-27, 1940 | Shallow 
| 2nd Depth 
Deep 


= 
-—-nrnood— = 
- mo Nm 


| 


Mar., 1941 Shallow 
| 2nd Depth 
| Deep 
Apr., 1941 3 | Shallow 
2nd Depth 
Deep 
May, 1941 Shallow 
2nd Depth 
Deep 
June, 1941 Shallow 
2nd Depth 
Deep 








Averages | Shallow 
2nd Depth 
Deep 
| | 


bution was found to be generally uniform. This situation also held for May of 
that year, but in June much larger catches were made especially in the two 
upper strata for the day hauls and for the Deep Stratum for the night hauls in 
the Mixed Area. 
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In order to ascertain what tendency existed toward vertical diurnal migration 
it is not satisfactory to employ the foregoing average values because of the 
likelihood that a few large hauls would obscure differences occurring in stations 
with smaller representation. Accordingly a calculation has been made of the 
percentage of stations in each category for each cruise at which the number of 
Sagitta elegans in the Second-depth haul was greater than in the Shallow haul 
(Table V). When the data are scrutinized on this basis, it becomes clear that a 


TABLE V 
Comparative vertical distribution of S. elegans for day and night hauls 


Percentage of Stations at which the number of animals per cubic meter in the ‘‘Second- 
Depth” haul was greater than in the “Shallow” haul. Values placed in parentheses are based on 
a total of less than 5 cases. 

















Mixed Area Stratified Area 
Month Cruise ren ————_ 
Day Night Day Night 
Sept., 1939 | 89 | 100% | 29% | 93% 50% 
Jan., 1940 93 60 57 (100) 
Mar., 1940 9 | 64 | 43 (67) 
Apr., 1940 -s | 25 (100) 
May, 1940 97 | 86 50 60 | 0) 
June 1-8, 1940 98 70 71 (67) (67) 
June 19-27, 1940 100 75 | 100 20 i ss 
Mar., 1941 ee ae aa he (50) 
Apr., 1941 fn | 2 ae (75) | (100) 
May, 1941 | 494 75 (50) (100) | (100) 
June, 1941 116 46 80 (25) 50 
Averages 73% 59% 66% 62% 














definite vertical migration was taking place in both the Mixed Area and the 
Stratified Area at the time of the September cruise, since the majority of the 
animals were found below 25 m. in the day time and above 25 m. at night. A 
similar tendency, but less marked, was encountered in the first four cruises of 
1940 and in the May cruise of 1941 for the Mixed Area. A reversal of the 
situation is to be noted for the June cruises in both 1940 and 1941, for in those 
cases the Second-depth hauls were greater at night at more stations than during 
the day. Taking the average for all cruises it is apparent that in all situations 
the deeper hauls were numerically greater in more than 50% of the cases. How- 
ever, the variations encountered in vertical distribution and in diurnal migration 
from cruise to cruise show that the reactions of Sagitta in maintaining its vertical 
position in the water change materially according to the season or in relation to 
size and stage of maturity. A similar conclusion was reached by Russell (1933). 
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Horizontal Distribution Throughout the Year 


The quantitative aspects of the distribution of Sagitta elegans will be examined 
in relation to the location of the water masses on Georges Bank for September 


BENE 
ZO 
41) NS! 

BP 3 

Lae 


aN 
HIN TENe 
ast 

. yD 


, SSS. 
RSF 
| FERXRMS Soe 
he Se 


FicureE 5. Distribution of Sagitta elegans on Georges Bank during 1940. January (cruise 
93), March (cruise 95), April (cruise 96), May (cruise 97), June 1-8 (cruise 98), and June 19-27 
(cruise 100). Average numbers per 10 cubic meters for whole water column for all stages. 
Plankton Sampler hauls. Boundary of Mixed Area indicated by heavy broken line. 


1939 (Fig. 10), for the winter and spring of 1940 (Fig. 5), and for the spring of 
1941 (Fig. 6). In each chart the station positions are designated by black dots 
and the average number of sagittae per 10 cubic meters for the whole water column 
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at each station is indicated.' Contour lines representing concentrations of 1, 10, 
(50), 100, (500) and 1000 individuals per cubic meter have been drawn in. Pro- 
gressively dense cross-hatching indicates areas of increasing numerical abundance. 
In addition, the position of the margin of the vertically homogeneous water of 
the Mixed Area for each cruise has been indicated by a heavy broken line super- 
imposed independently on each chart. 


rs 





FiGurRE 6. Distribution of Sagitta elegans on Georges Bank during 1941. March (cruise 
112), April (cruise 113), May (cruise 114), and June (cruise 116). Average numbers per 10 cubic 
meters for whole water column for all stages. Plankton Sampler hauls. Boundary of Mixed 
Area indicated by heavy broken line. 


Inspection of the chart for September 1939 (Figure 10, upper left) reveals 
the fact that at the time of this cruise extremely small numbers of Sagitta elegans 
occurred around the margins of the Bank (except possibly in the north central 
region). It is clear that the area of greatest concentration of this species lay in 
the center of the Bank. During this period the Mixed Area did not cover the 
whole of Georges Bank but was confined chiefly to the central portion except in 
the north where it extended beyond depths of 100 m. A rough correspondence 


1 The total number of sagittae under each square meter of sea surface may be derived from 
these values by multiplying by the depth (see “Collection and Analysis of Material”’). 
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is seen to exist for this cruise between the contour for 100 sagittae per 10 cubic 
meters (or 10 animals per cubic meter) and the limits of the Mixed Area. 

A similar scrutiny of the distribution of Sagitta elegans may be undertaken 
for the succeeding cruises from Figures 5 and 6. A great variation in the nu- 
merical strength of this species during the year is indicated by the fact that 
although numbers greater than 10/m.* were encountered at nine stations in the 
September cruise, only one to four stations were as rich during the next four 
cruises. However, in each of the June cruises of 1940 about 20 stations yielded 
an average abundance of more than 10/m.* and one station of more than 100/m.* 
Similarly in 1941 during the first three cruises there were no hauls containing 
more than 10/m.* but in the June cruise this value was exceeded at 18 stations 
and there was one instance of an abundance greater than 100/m.* Although it 
was unfortunately not possible to make observations in every month of the year, 
as would have been desirable, the available information strongly indicates that 
the numerical strength of Sagitta elegans in the Georges Bank region reaches a 
low ebb in the winter and early spring, and attains high values beginning in 
June and perhaps extending through the summer. 

In each of the eleven cruises the center of abundance of Sagitta elegans was 
found to be located within the central portion of the Bank and numbers dropped 
off toward the margin. Along the southern edge of the Bank the concentration 
of this species dwindled to a very small proportion and frequently to zero, 
especially beyond the 200 m. contour. Similarly low numbers were usually 
encountered along the eastern and northern margins although in some cruises an 
insufficient number of stations was occupied beyond the Bank to make certain 
of the limits of the population to the north. Since in most cases Sagitta elegans 
occurred in abundance at the westernmost stations of each cruise, we have 
definite indication that, at certain seasons of the year at least, numbers of this 
species are transported by westerly currents across South Channel toward 
Nantucket Shoals. 

When the center of abundance of Sagitta elegans is compared with the location 
of the Mixed Area, it is clear that in spite of the changes in position of the latter 
from cruise to cruise, the greatest concentrations of the species were always 
found within the Mixed Area, and a close agreement existed between the contours 
of abundance and the boundary line of the mixed water (Figs. 5, 6, and 10). 
In addition to the situation in September, 1939, already described, striking cases 
of conformity between the distribution of the S. elegans population and the 
extent of the Mixed Area are seen in May and June (Fig. 6). During the May 
cruise stratified water was found to occupy the southern portion of the top of 
the Bank extending for 30 miles or more from the southern edge toward the 
center, whereas in June the mixed water largely covered this region. Corre- 
sponding to this shift in the position of the water masses S. elegans was found 
to be almost completely absent from the southern half of the Bank in May, but 
in June its distribution extended to the southern edge of the Bank. 

In general the abundance of S. elegans tended to be relatively uniform for 
all the stations within the Mixed Area during each cruise. This fact showed 
that the spacing of the stations in this area was sufficiently close. The uni- 
formity was no doubt due in large measure to the turbulence of the water in the 
Mixed Area and would not necessarily be expected in other regions of uniform 
hydrographic conditions but with less water movement. 
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Sagitta elegans is therefore chiefly abundant within the Mixed Area of Georges 
Bank, and during the periods covered by the present cruises, at least, this species 
appears to be largely isolated from surrounding regions. Evidence has been 
presented above that a small part of the population may be carried to the west 
at certain seasons by the movement of water around Nantucket Shoals. It is 
unfortunate that our observations could not have been extended to Cape Cod 
and to the waters north of the Cape in order to ascertain whether the sagittae 
of Georges Bank ever attain any important relationship with populations occur- 
ring in that region. As far as our present data go, however, no significant con- 
nection is indicated between the concentration of S. elegans in the vicinity of 
Massachusetts Bay reported by Redfield and Beale (1940) and the population 
on the Bank. 


GROWTH AND BREEDING OF SAGITTA ELEGANS 


Seasonal Changes in Length 


The specimens of Sagitta elegans taken during the present investigation varied 
greatly in size, covering a range in length from 4 mm. to 30 mm. _ The frequency 
distribution of the sizes for all the hauls of the 1939-1940 cruises may be examined 
from the histograms of Figure 7. It is seen that no specimens longer than 20 mm. 
were taken in September, but individuals as long as 30 mm. occurred in January, 
March, and May. The modal length increased from 16 mm. in September to 
18-20 mm. in January, and to 24 mm. in March. In April the modal length 
was 22 mm. These larger sizes were also represented in May and June, but in 
diminishing numbers. 

Specimens of Sagitta elegans as small as 6 mm. were present in the September 
cruise in numbers nearly as great as the intermediate sizes. In January the 
presence of a secondary mode at 8 mm. suggests the simultaneous existence of 
two generations. In March and April, however, the smaller sizes were reduced 
to extremely small numbers and the intermediate sizes were poorly represented. 
Smaller individuals appeared in May and were more abundant in that month 
than the larger categories. By early June the numerical strength of this new 
crop of small Sagitta had increased ten fold and by late June they were still 
abundant. The modal length increased from 6 mm. in May to 8 mm. in June. 
Although in the late June cruise there were many more Sagitta in the 4 mm. 
class, an even greater augmentation of the sizes larger than 10 mm. was observed. 
Similar changes in the relative abundance and length distribution of this species 
were encountered during the cruises of 1941. 

Scrutiny of the length distributions at the various individual stations and 
within the different strata revealed in general no tendencies for segregation. In 
most cases both large and small specimens were represented in the same relative 
proportions at the various depths at each station. Although considerable 
variation in length frequency occurred from station to station, nevertheless in 
most cruises there was no consistent tendency for large or small individuals to 
appear in certain parts of the Bank. An exception to the foregoing statement 
occurred in the cruise of May 1940, as shown in Figure 8, in which individual 
frequency distributions have been plotted for each station with sufficient numbers. 
In this case it is seen that at the easternmost stations only large specimens of 
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Sagitta elegans were taken, whereas at the western stations the smaller sizes 
definitely predominated. Evidently the remnant of the older animals persisted 
chiefly in central and eastern eddies, while the production of younger individuals 
was beginning most actively in the western parts of the Bank (see below). 


LENGTH FREQUENCY OF S. ELEGANS 


1939-'40 


- vo N @ 
SY 38WNN 


Le 


JUN. 19-27 


NUMBERS 


Ae: 


1@ 20 22 24 26 28 30 
* LENGTH IN MM 


FiGuRE 7. Average frequency distribution of lengths during 1939-40. Average numbers per 
cubic meter of S. elegans for each cruise. 


Maturity Stages and Breeding Periods 


Length measurements alone are not sufficient for determining the breeding 
periods of Sagitta because very great variations exist in the sizes of the three 
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stages of maturity. This fact is amply demonstrated by the graphs of Figure 9, 
in which the length frequency distribution of each maturity stage has been 
plotted on a percentage basis for each cruise. Here it is seen that immature 
specimens (Stage I) may attain a length of 16 mm. or more, but individuals as 
short as 8 mm. may definitely have attained the ‘“‘intermediate’’ condition 
(Stage II). Furthermore some specimens grew to lengths of 24 mm. or more 
while still in Stage II, while other individuals became completely mature (Stage 
III) at a length of 12 mm. 


S. ELEGANS 
MAY ‘40 





Ficure 8. Length frequency distribution for individual stations in cruise of May 1940. 
Length measurements of S. elegans on percentage basis for individual stations, where numbers 
were sufficiently great. 


From a study of the sequence of changes in the length and stage of maturity, 
as presented in Figure 9, information may be derived on the seasons of growth 
and reproduction of Sagitta elegans on Georges Bank. In the cruise of September 
1939, the immature individuals were somewhat more numerous than either of 
the other stages, but both Stages II and III were well represented. The latter 
stages were much smaller in size than the corresponding groups taken during the 
spring months. The modal length of the mature Sagitta was only 16 mm. in 
September as compared to 23 mm. in the following March. In the January 
cruise Stages I and II were encountered in about equal numbers, but very few 
mature specimens were present. By March and April the majority of individuals 
had matured to the Stage III condition, and remnants of these animals were 
still found in diminishing numbers (and in smaller sizes) in the May and early 
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FiGurE 9. Stages of maturity and length frequency distribution for all cruises. Average 
values for S. elegans for all hauls in each cruise. Horizontal scale gives the percentage at each 
length, subdivided into the stages of maturity as indicated by the shading. Stage I—Immature, 
Stage [I—Intermediate, Stage III—Mature. 


June cruises. In May, however, the bulk of the catch consisted of immature 
specimens, and in the June cruises Stage I was also relatively the most abundant. 
Stage II was very scarce in May but appeared in increasing numbers (and in 
increasing sizes) in June. It is clear that this period of relative abundance of 
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immature animals corresponds to the time of great increase in the actual numbers 
of smaller sizes which was noted in the previous section. 

The striking difference observed in the lengths of the mature Sagitta at 
various seasons of the year is correlated in a general way with temperature. 
The shortest modal length for Stage III (16 mm.) occurred in September when 
the temperature of the water in the Mixed Area surpassed 16° C., the highest 
' for the year, and the greatest modal length (23 mm.) was observed in March 
when the temperature reached a minimum of about 2.5°C. (Table II). As 
temperature increased through June, the mature sagittae became shorter again. 
Russell (1932) reported similarly that an inverse relationship existed between the 
length of the mature Sagitta elegans and the temperature of the water in the 
Plymouth Area, and the same tendency was observed in the Irish Sea by Pierce 
(1941). The maximum temperature recorded by Russell was about the same 
as in the present investigation, but the average length of his Stage III animals 
was only about 10 mm. On the other hand, the minimum temperature off 
Plymouth did not fall below 8° C. and the average length of the adult Sagitta 
was about 12 mm. in February, about 16 mm. in April to May 1931, and about 
20 mm. in May 1930. No animals of length greater than 22 mm. were taken 
by Russell, whereas specimens as long as 30 mm. were encountered on Georges 
Bank. Our observations therefore agree with Russell’s in revealing an inverse 
relation between temperature and body length, but the actual values are quite 
different. We have no information at present as to the mechanisms which 
underlie these relationships. 

The changes in the Sagitta population during the spring of 1941 as revealed 
by the four corresponding cruises of that year, agree in general with those of the 
previous spring. There is, however, consistent indication that growth and 
reproduction were delayed in 1941 (Figure 9, bottom), although no important 
difference in the temperature of the Mixed Area water occurred for the corre- 
sponding months (Table II). In March 1941, there were relatively many more 
Stage II animals and many fewer Stage III individuals than in March 1940. 
The mature Sagitta dominated the scene in April 1941 and persisted in much 
higher relative abundance in May of that year than had been the case in 1940. 
At the same time it is to be noted that no important increase in Stage I is indi- 
cated in May 1941, in marked contrast to the previous year. Nevertheless, by 
early June 1941 (Cruise 116) small-sized Stage I animals appeared in very great 
numbers ‘both relatively and absolutely. Stage III was reduced to a small 
remnant at this time, and there was no sign of an increase in the numerical 
strength of Stage II as had occurred in the previous June. It may therefore be 
concluded that in 1941 both the appearance of mature adults and the production 
of the large spring crop of young took place about a month later than in 1940. 

An attempt may be made from the foregoing information to ascertain the 
annual cycle of growth and reproduction of Sagitta elegans on Georges Bank, but 
it is obvious that the gaps in the record during months in which no data could 
be obtained prevent final conclusions from being reached. It seems almost 
certain, however, that the chief period of reproduction centers in April or May 
because of the very high proportion of mature adults in those months, and the 
appearance subsequently of very large numbers of small, immature individuals. 
The adults which produced these animals apparently die off in June and the new 
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crop of Sagitta matures during the summer to form a distinct generation of 
adults. This supposition is strongly supported by the fact that the Stage III 
animals found in September were of an entirely different size from those which 
had been prevalent in the spring. The graph (Fig. 9) suggests that the spring 
crop of young animals begins developing into Stage II in June with the possible 
appearance of a few of the new small-sized adults. The Stage I animals present 
in September may represent either the end of the spring and summer spawning 
or the beginning of the reproductive activity of the new generation of small 
adults. By January practically all of these small Stage III animals have disap- 
peared and the immature individuals present are presumably their progeny. 
It seems safe to assume that the latter then slowly mature to produce the rela- 
tively large group of adults found in March and April, thus completing the cycle. 

On the basis of the foregoing reasoning we may tentatively conclude that on 
Georges Bank Sagitta elegans undergoes one major period of reproduction during 
the spring months and that a distinct second generation is produced sometime 
in the late summer or autumn. It must be borne in mind, however, that during 
July and August and in the period between September and January, when no 
observations were made, another complete generation could have been formed. 
Russell (1932) believes that Sagitta elegans may complete a generation in as 
little as 43 days during the warmer months; and he has interpreted his data from 
the Plymouth Area as indicating that this species produces four or five generations 
during the course of the year. Pierce (1941), however, concludes that in the 
Irish Sea there is but one chief spawning period for S. elegans annually, extending 


from January through May. Our present data definitely indicate the existence 
of one major and one minor generation of this species in the Georges Bank area, 
but do not justify as yet any assumption that further generations occurred during 
the year. 


DISCUSSION 


Information derived from the foregoing analyses of the distribution, growth, 
and reproduction of Sagitta elegans may now be examined as a contribution to 
the ecology of this species on Georges Bank particularly with reference to the 
currents of the region. Our previous knowledge of the occurrence of S. elegans 
off the New England coast has been summarized by Redfield and Beale (1940) 
in relation to their own studies of the sagittae in the Gulf of Maine. Although 
no special study of Georges Bank was undertaken by these authors, occasional 
stations on the Bank were occupied in the course of their survey, and at these 
stations large numbers of S. elegans were almost always encountered. These 
rich hauls contrasted sharply with the situation in the central area of the Gulf 
of Maine where the species was very scarce at practically every station. The 
explanation offered by Redfield and Beale is that water barren in respect to 
Sagitta elegans enters the Gulf each year and circulates through the central area 
so rapidly that sufficient time does not exist for large populations of this species 
to build up, even though the ecological conditions may be favorable in other 
respects. On Georges Bank, in contrast, these authors suggest that the water 
mass is sufficiently permanent to allow sagittae to accumulate and to further 
augment their number through effective reproduction. 
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. The present investigation, based as it is on a much larger number of hauls on 
Georges Bank itself, not only tends to confirm the general suggestions of Redfield 
and Beale, but also provides strong evidence on the degree of permanence of the 
bank water. On the other hand, scrutiny of all the present data indicates that 
ecological factors other than simple transportation and accumulation play 
important roles in determining the distribution and abundance of the plankton. 
Redfield and Beale themselves point out that the central area of the Gulf of 
Maine supports a rich endemic population of Crustacea in spite of the fact that 
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Figure 10. Comparison of the horizontal distribution of certain species of plankton in 
September 1939 (cruise 89). Distribution of Sagitta elegans is compared with that of S. serrato- 
dentata, S. enflata, Pseudocalanus minutus, and Calanus finmarchicus. Values shown are average 
numbers per cubic meter (per 10 cubic meters for S. elegans) for the whole water column for all 
stages of each species. Plankton Sampler hauls. Occurrence records for S. serratodentata and 
S. elegans are from the 75 cm. silk net hauls. The boundary of the Mixed Area is indicated by 
the heavy broken line. The symbol ‘X” represents a value of less than one individual per unit 
volume. 


these animals are presumably subject to the same dislocating action of the 
currents as was invoked to explain the scarcity of S. elegans in that area. 

The agreement of the distribution of S. elegans and of certain other species 
of plankton with the disposition of the water masses on Georges Bank during the 
present survey is well illustrated by the comparison for the cruise of September 
1939, presented in Figure 10. Allusion has been made above to the close con- 
formity of the main abundance of Sagitta elegans to the limits of the Mixed Area 
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for that period. Two other species of Sagitta appeared during the September 
cruise in sufficient abundance to permit significant analysis of distribution to be 
made, although numbers were so small that presence or absence alone has been 
indicated in the chart of their occurrence (Figure 10, lower left). It is seen that 
the distribution of S. serratodentata and S. enflata was confined to the southern 
and eastern margins of the Bank in distinct contrast to S. elegans. A remarkably 
close agreement is observed between the line limiting the occurrence of the 
former and the margin of the Mixed Area. SS. serratodentata occurred farther up 
on the Bank than did S. enflata but neither had been carried into the Mixed 
Area at more than one or two points. This fact shows that a very small amount 
of water, if any, was entering the Mixed Area from the south or the east at the 
time of this cruise. 

It is of value to compare this striking case of the separation of two morpho- 
logically similar species by the hydrographical condition on the Bank with an 
equally clear-cut reciprocity in the distribution of two copepods, Pseudocalanus 
minutus and Calanus finmarchicus (Figure 10, upper right and lower right). 
Pseudocalanus occurred at all stations on the Bank during this cruise in very 
large numbers except along the southern and northeastern margins, but concen- 
trations of over 1000 individuals per cubic meter were limited to the central 
region and to the north central margin, this zone of abundance corresponding 
closely to the Mixed Area. 

In the case of Calanus, on the other hand, no specimens whatsoever were 
taken in the central portion of the Bank and very low counts were obtained for 
this species at every station within the Mixed Area (Fig. 10). Similarly small 
catches of Calanus were made along the extreme southern margin of the Bank 
and to the northeast, but considerable numbers were taken at the stations to 
the north and west toward the Gulf of Maine, and in the zone between the 
Mixed Area and the southern margin of the Bank. The tongue of water, rich 
in Calanus, which appears extending across the eastern end of the Bank and 
curving south and then west, is a clear indication that at the time of this cruise 
a current carrying Calanus from the Gulf of Maine was flowing around the margin 
of the Mixed Area and forming a wedge between it and the water masses to the 
south. At the same time mixed water, barren in respect to Calanus, from the 
central eddy of the Mixed Area appears to have been draining off to the west 
down the middle of the Bank. Calanus finmarchicus therefore appears to be a 
species which can endure neither the homogeneous water of the Mixed Area 
nor the warm, saline conditions to the south, but which thrives in the water of 
the Gulf of Maine. Thus Calanus is similar to S. serratodentata and S. enflata 
in being sharply excluded from the Mixed Area of Georges Bank, whereas Pseudo- 
calanus and S. elegans are chiefly abundant within it. 

Although one could argue that even if S. serratodentata and S. enflata found 
their way on to Georges Bank, they could not survive there because of lower 
temperatures and salinities, it is impossible to invoke these factors as preventing 
the occurrence of Calanus finmarchicus in the central part of the Bank. As we 
have seen, the water of the Mixed Area is chiefly derived from the Gulf of Maine 
where Calanus is abundant, and the temperature and salinity values of this 
water are generally intermediate between those of the upper and lower strata 
of the Gulf. Some other factor must be found which could prevent the repro- 
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duction of Calanus in the Mixed Area or which could cause its destruction (or 
both), and which does not affect Pseudocalanus adversely. Perhaps sediment 
resulting from the turbulence in the Mixed Area is harmful to Calanus or possibly 
some essential element is lacking, such as accessible bottom water of low temper- 
ature (cf. Bigelow and Sears, 1939), or a necessary food organism. On the other 
hand, destruction of Calanus might be brought about chiefly by a predator, and 
as such S. elegans suggests itself for future study since it populates so abundantly 
the very area from which Calanus is removed. 

Since other ecological influences besides the purely mechanical action of the 
current system are apparently controlling the occurrence of Calanus on Georges 
Bank, it seems probable that additional, as yet undetermined, factors may be 
important in accounting for the special richness of the population of Sagitta 
elegans in the Mixed Area. It now appears well established that the relative 
permanency of the bank waters makes possible the maintenance of an adequate 
breeding stock of S. elegans from one period of reproduction to another, but, in 
addition the data presented above indicate that the breeding and growth of this 
species is especially successful in the mixed bank water during the spring months, 
and perhaps at other seasons as well. 

This suggestion that the great abundance of Sagitta elegans within the Mixed 
Area of Georges Bank is due not merely to mechanical accumulation but also to 
especially favorable local conditions, is supported by observations from other 
regions. Bigelow and Sears (1939) consider that this species is regularly endemic 
in the waters overlying the inner half of the continental shelf from Cape Cod 
south possibly to the offing of Chesapeake Bay. There are no large, permanent 
eddies in this area. Russell (1939) pointed out that S. elegans occurred in 
dominant numbers around the British Isles in areas where mixed oceanic and 
coastal water occurred. This author does not report any accumulation of the 
species in these areas through a mechanical action of the currents, but states 
that ‘‘The incursion of oceanic water gives rise to conditions in which a different 
plankton community, typified by Sagitta elegans, flourishes.” 

It is obviously of importance to inquire what characteristic of the mixed 
water of Georges Bank may make it an especially favorable environment for the 
reproduction and growth of Sagitta elegans. Temperature and salinity may 
apparently be ruled out since we have seen that the values for these factors are 
within the range of those found in the central region of the Gulf of Maine where 
this species is relatively scarce. Three other possibilities suggest themselves: 
(1) the turbulence and the attendant vertical homogeneity of the water, (2) the 
shallowness of the water, and (3) the existence of some element in the water 
originally derived from the shore or from the bottom. Although we do not 
have the means at present to decide between these, or other possibilities for 
Georges Bank, some evidence may be obtained from the ecological conditions of 
other regions of abundance for this species. Such comparison appears to elimi- 
nate vertical mixing of the water, per se, as particularly favorable since this 
condition does not characterize most of the other areas of occurrence of S. elegans. 
The waters of the continental shelf to the south, and of Massachusetts Bay to 
the north, are both definitely stratified during the warmer portion of the year. 
Furthermore, breeding was found to be unsuccessful in the Bay of Fundy (Hunts- 
man and Reid, 1921) where vertical mixing is strong. 
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The shallowness of the water might be regarded as a beneficial condition for 
S. elegans since all observations agree that this species occurs chiefly in the shoal 
water of the continental shelf or of off-shore banks both along the North American 
coast and around the British Isles. It is doubted, however, whether the nearness 
of the bottom could be a direct, favorable influence (a) because there is no evi- 
dence that this species has any ecological dependence on the bottom, (b) because 
its distribution on Georges Bank showed no relation to the depth contours, and 
(c) because in other regions it has been found to be as abundant in water 100 m. 
to 200 m. deep as in shallower zones. 

The third suggestion, that some beneficial derivative of the shore or the 
bottom occurs in the shallower water of the coastal areas or the banks, remains 
as a possible, though vague explanation. Fraser (1939) remarks with reference 
to Sagitta that plankton in general can withstand “fairly big’’ physical changes 
and hence the very distinct separation in the distribution of species means some 
biological change in the water masses. The very definite tendency for abundant 
populations of S. elegans to occur in shoal areas therefore suggests the presence 
in the water of some chemical element derived from the shore or bottom or some 
food organism dependent on the bottom, which does not exist in the water of 
deeper regions. 

We conclude, therefore, that Sagitta elegans is chiefly abundant within the 
Mixed Area of Georges Bank, first, because the relative permanence of this 
water mass allows it to accumulate there; second, because water of harmfully 
high temperature and salinity from the south is excluded; and third, because 
some indirect influence from the shore or bottom, absent in the deeper water 
to the north, favors its reproduction and growth. It remains for the future to 
re-examine the water of the Mixed Area in order to ascertain what conditions 
of feeding or other circumstance, render this water particularly favorable for 
S. elegans and certain other types of plankton, and particularly unfavorable for 
other, closely related species. 

Finally, it may be emphasized that the observations from the eleven cruises 
of this investigation have shown that Georges Bank supports a relatively abun- 
dant population of S. elegans throughout the year, and that the center of concen- 
tration of Sagitta was always found within the Mixed Area. Furthermore, the 
contours of the Sagitta population were shown to conform in general to the 
limits of the Mixed Area. Frequently this rich area was completely surrounded 
by water in which S. elegans was very scarce or absent. It appears then that 
this species is an adequate indicator for the presence of Mixed Area water. We 
know, as a result, that the eddy of homogeneous water on Georges Bank may be 
regarded as permanent to the extent to which the population of Sagitta elegans 
has been shown to maintain its integrity there from season to season. It is of 
special interest to note that a nucleus of this species apparently retained its 
position on the Bank throughout the winter, during the period when the break- 
down of stratification in the surrounding areas might be expected to make 
possible a flow of Gulf water directly across the Bank. The bubble of mixed 
water on the Bank therefore either fails to be dislodged by hydrographic forces, 
or is renewed so slowly that the population of Sagitta is able to maintain itself 
within the Mixed Area despite the water movement. By similar application of 
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these findings, it should be feasible to employ S. elegans as an indicator to trace 
the movements of Mixed Area water in future studies of the ecology of the region. 


SUMMARY 


1. The quantitative distribution, size, and stages of maturity of Sagitta elegans 
in the waters of Georges Bank have been determined from plankton hauls made 
on a network of stations occupied during 11 cruises from September 1939, to 
June 1941, 

2. The area of relatively homogeneous water overlying the central portion of 
Georges Bank was found to change in extent from cruise to cruise, but to be 
sharply delineated from the surrounding stratified water masses, and has been 
designated as the ‘‘ Mixed Area.”’ 

3. The abundance of S. elegans varied in individual hauls from a maximum 
of 165 specimens per cubic meter to zero, but averaged more than 10/m.’ at 
stations within the Mixed Area. The deeper hauls were numerically richer than 
the shallow hauls at more than half the stations. The existence of a diurnal 
vertical migration was revealed in certain cases, but varied greatly from cruise 
to cruise. 

4. In horizontal distribution the greatest concentrations of S. elegans were 
found within the central homogeneous water mass of the Bank and a close 
agreement was disclosed between the contours of abundance and the boundary 
line of the Mixed Area. A center of abundance for this species existed on the 
Bank throughout the year. 

5. The modal length of the mature sagittae increased from 16 mm. in Septem- 
ber, when the water temperature was the highest, to 23 mm. in March, when 
the temperature was at the minimum for the year. Some specimens as long as 
30 mm. were encountered. 

6. The chief period of reproduction for S. elegans on Georges Bank centered 
in April in 1940 and in May in 1941. Following these periods very large numbers 
of small, immature individuals appeared. Evidence is presented that a distinct, 
second generation was produced during the late summer or autumn. 

7. S. serratodentata and S. enflata, which were taken chiefly in the September 
cruise, occurred entirely outside the margin of the Mixed Area. Comparison is 
made with a similar case of reciprocal distribution found for two species of 
copepods: Calanus finmarchicus, which was excluded from the Mixed Area, and 
Pseudocalanus minutus, which was chiefly abundant within the Area. 

8. Our observations support the suggestion of Redfield and Beale that S. 
elegans tends to accumulate on Georges Bank because of the relative absence of 
dislocating currents. However, reasons are advanced for believing that other 
characteristics of the Mixed Area water should be scrutinized as being particularly 
favorable for the growth and reproduction of S. elegans, and particularly unfavor- 
able for the existence of other species of plankton. 

9. The persistence of the population of S. elegans on Georges Bank throughout 
the year is a valuable index of the degree of permanence of the homogeneous 
bank water. The species recommends itself as an indicator for tracing move- 
ments of the Mixed Area water in future studies. 
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THE MORPHOLOGY AND LIFE HISTORY OF THE DIGENETIC 
TREMATODE, ZOOGONOIDES LAEVIS LINTON, 1940 


HORACE W. STUNKARD 
(New York University) 


Linton (1940) described the adult stage of Zodgonoides laevis and distinguished 
between this species and Z. viviparus (Olsson, 1868) Odhner, 1902, the type and 
only other known representative of the genus. He found the worms in the 
intestine of Tautoga onitis and an immature specimen from the round herring, 
“Etrumens sadina"’ (= Etrumeus teres) was referred provisionally to Z. laevis. 

During the summer of 1942, tailless cercariae were found emerging from 
Columbella (= Mitrella Rizzo) lunata collected in the Woods Hole region. Their 
striking resemblance to the cercariae of Zoégonus lasius (Leidy, 1891) Stunkard, 
1940 indicated that the two were closely related. Furthermore, their morpho- 
logical agreement with Zodgonoides laevis suggested that they might be larvae of 
the latter species. Experiments demonstrated the correctness of the hypothesis 
and the successive stages in the life cycle have been obtained. The cercariae 
develop in sporocysts in the lymph spaces of C. Junata, penetrate into Nereis 
virens where they become metacercariae, and sexual maturity is attained in the 
intestine of 7. onitis. The eggs are large, without shells, and contain active, 
ciliated miracidia when extruded. The larvae hatch in sea water and invade the 
snails where the asexual generations are produced. The life history was reported 
in abstract (Stunkard, 1942). 


EXPERIMENTS 


The methods employed in the present study were similar to those described 
by Stunkard (1938, 1941) in reports on the life history of Zoégonus. Over 2000 
specimens of Columbella lunata were collected from algae taken at several loca- 
tions. They were isolated in groups of ten or more in large stender dishes and 
observed morning and evening for five days to obtain preliminary information 
concerning the incidence of infection and also to obtain infective cercariae for 
life history experiments. Water in the dishes was changed twice daily and bits 
of algae were provided as food for the snails. When cercariae appeared in a 
dish, the snails were isolated individually to obtain the one or more which harbored 
the parasite. Of the snails from which no larvae emerged, several hundred 
were crushed and examined to secure more complete information concerning the 
total incidence of infection. In different collections the total infection varied 
from 0.5 to 5 per cent, although about one-fourth of the infected snails did not 
liberate cercariae. The snails are small and the cercariae are relatively large; 
consequently the number of cercariae which emerged from any snail was small, 
usually two to five in 24 hours. Sometimes an infected snail would not liberate 
cercariae for three or four days. The larvae are hardy and may live for four 
days in sea water. In form and behavior, they resemble those of Zoégonus lasius. 
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They emerge during the day and at night. The posterior end of the body exudes 
a sticky substance and bits of debris adhere to it. The secretion causes the 
cercariae to stick to the wall of a pipette and it is difficult to transfer them from 
one dish to another. ‘They adhere to the substratum or move about by alternate 
attachment of the ends of the body, using the oral sucker to attach the anterior 
end. Ordinarily the larvae do not encyst in fresh sea water, but occasionally 
one would extrude cystogenous material on a slide if the water evaporated enough 
to seriously disturb the osmotic equilibrium. The cystogenous secretion is often 
emitted when the larvae are placed in solutions of vital dyes, and sometimes 
encystment is complete. If sporocysts containing fully grown cercariae are 
removed from a snail and left for several hours in sea water, and especially if 
the sporocysts become moribund, the older cercariae may encyst in them. Also, 
sporocysts removed from dead snails may contain encysted cercariae. 


Infection of Second Intermediate and Final Hosts 


Since the cercariae are unable to swim, and since they do not normally encyst 
in sea water, it was apparent that the next host must be a bottom-dwelling 
animal. Accordingly, various molluscs, crustaceans and worms were placed in 
finger bowls with normally emerged larvae. The larvae disappeared in a few 
hours from the dish with Nerets virens, whereas they persisted for at least two 
days in dishes with the other animals tested. A parapodium was cut from a 
living specimen of Nereis and placed in a stender dish with four cercariae; four 
hours later, three of them had penetrated into the parapodium and two had 
encysted. These observations indicated that Nereis may serve as an intermediate 
host, although they do not preclude the possibility that other animals also may 
be utilized in nature. When it was observed that the larvae would encyst in 
Nereis, mass infection was attempted. Sixteen infected C. lunata and four 
Nereis were placed in a small aquarium provided with about 2 cm. of sand on 
the bottom and with a cheesecloth cover to permit the entrance of sea water and 
to prevent the escape of the snails and worms. These worms were exposed to 
cercariae for two weeks and then fed to tautogs which had been isolated without 
food for seven weeks. The fishes were dissected three days later and dozens of 
young Z. laevis, some of them hardly larger than cercariae, were recovered. In 
addition, there were other, larger and more mature specimens of Z. laevis which 
undoubtedly represented a natural infection, acquired by the fishes before they 
were caught. Tautogs which were dissected immediately after capture were 
always infected; the number of worms taken from the intestine varied from a 
few to about three hundred, and in heavy infections all stages of development 
from recently excysted metacercariae to gravid specimens were found. The 
small worms of natural infection were morphologically indistinguishable from 
those of the experimental infection. It is apparent from these experiments that 
the cercariae from C. lunata encysted in Nereis, that they later became established 
in the intestine of the tautog, and that they are larvae of Z. laevis. Furthermore, 
it is apparent that the metacercariae are infective for the final host soon after 
encystment. 

Infection of the First Intermediate Host 


Gravid worms from natural infections often contain many active, ciliated 
miracidia, enclosed in membranous capsules. Since the worms have small, 
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deficient vitellaria, the eggs lack shells. When such gravid specimens were 
compressed under a coverglass for study or for fixation, occasionally the egg 
nearest the genital pore was expelled. In a few instances, after the addition of 
tap water, the membrane ruptured and the larva emerged and swam about. 
Dilution of the sea water is not necessary, however, to induce hatching of the 
miracidia. When mature worms are removed from the fish to sea water, they 
usually extrude eggs and the miracidia emerge in a few hours. The larvae 
elongate in swimming, rotate on the long axis, and progress rapidly in a spiral 
path. They become uniformly distributed in the water and no obvious reaction 
to light was observed. Since the miracidia emerge from the eggs and swim 
vigorously, it is apparent that they penetrate the snail host to establish the 
infection. Normally emerged, free-swimming miracidia were not noticeably 
attracted toward specimens of C. lunata placed in a dish with them. It appears 
that their contact with snails is accidental and larvae would sometimes make 
contact with a snail and then swim away. Penetration by the larvae was not 
observed and it seems probable that they enter the branchial cavity of the snail 
with water and then invade the tissue. This hypothesis is supported by the 
location of primary sporocysts dissected from experimentally infected snails. 

To obtain experimental infection of C. lunata, 50 snails, which had been 
isolated for two weeks without the appearance of any cercariae, were placed in a 
small tank with two tautogs and left there for 19 days. At the end of that time 
30 of them were recovered and transferred to finger bowls. The fishes were 
dissected and more than two hundred mature specimens of Z. laevis were taken 
from them. Five of the snails which had been exposed to infection were dissected 
and young sporocysts were found in two of them. The parasites, undoubtedly 
primary sporocysts, were small, oval to irregularly shaped sacs containing groups 
of germinal cells. The other snails were kept in a finger bowl and those that 
died or became weak were crushed and examined. Sporocysts which contained 
unidentifiable germ masses were observed in the snail tissues and at the end of 
the season, seven weeks after the snails had been placed in the tank with the 
fishes, the twelve remaining snails were killed and examined. Ten of them 
contained sporocysts; six were heavily and four were lightly infected. Each of 
the heavily infected snails contained hundreds of sporocysts; each of the lightly 
infected ones contained fifty to one hundred sporocysts. The number of sporo- 
cysts suggests that they were the second or daughter generation. Several of the 
sporocysts contained large, elongate germ balls but differentiation had not 
proceeded to a point where they could be recognized as either young sporocysts 
or cercariae. The snails had been examined daily for emerged cercariae and 
since none were observed, it is evident that the infection of the snails was an 
experimental one. The cercariae are produced in sporocysts, but the number of 
sporocyst generations and the time from entrance of miracidium to emergence of 
cercariae is yet unknown. Due to the slow development of the parasites and 
the shortness of the working season, it was impossible to complete the cycle in 
experimentally infected hosts, but experimental infection of the definitive and 
both intermediate hosts was secured and, accordingly, the data appear to provide 
convincing proof of the life cycle. 

Both adults and larvae of Z. laevis were studied alive, with and without 
vital staining and after fixation and staining. Specimens were fixed in the 
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extended condition under coverglass pressure for whole mounts and others 
without pressure for sections, in order that distortion from compression could be 
recognized. 

DESCRIPTIONS 


The description of the sexually mature stage of Z. laevis given by Linton 
(1940), although limited to gross morphology, is adequate for identification of 
the species. Since the specimens of the present study agree substantially with 
the account of Linton and are from the same host and the same locality, their 
identity with those of Linton is assumed. 


The Adult 


The worms are pale yellow to reddish in color and the larger ones are con- 
spicuous on the opened intestine of the fish. They occur throughout the length 
of the intestine, although the majority are located in the posterior portion. 
Often they are deep between the villi and they may adhere tenaciously, especially 
with the powerful acetabular sucker. On removal, they frequently pull away 
the portion of the intestine grasped in the acetabulum (Fig. 1). In sea water 
they are relatively sluggish and tend to remain in a contracted condition. The 
body is very muscular and the shape varies with the degree of extension. Typi- 
cally the worms are terete, fusiform, with the posterior half of gravid specimens 
saccate and distended by many uterine coils. The preacetabular region is more 
active and when extended it tends to bend ventrally forming a shallow ventral 
concavity. 

Gravid specimens (Fig. 2) fixed under a coverglass, stained and mounted, 
vary from 0.6 to 1.1 mm. in length and 0.2 to 0.45 mm. in width. For well 
extended specimens, it is necessary to compress the worms, which increases their 
width. The acetabulum is slightly anterior to the middle of the body and 
measures from 0.195 to 0.27 mm. in diameter. As noted by Linton, its aperture 
is transverse, but he made no mention of the peculiar muscular development 
which determines the shape. The opening of the sucker is provided with a 
powerful sphincter which, when contracted, forms thickened muscular masses 
(Figs. 1, 2) anterior and posterior to the aperture. These masses may protrude 


EXPLANATION OF PLATE 
ABBREVIATIONS 
am anterior germinal mass OV ovary 
cs Cirrus sac pd penetration gland ducts 
excretory duct pg penetration gland 
embryo pm posterior germinal mass 
excretory vesicle ‘sr seminal receptacle 
gland duct ts _ testis 
genital pore ut uterus 
intestine vg  vitelline gland 
J All figures are of Z. laevis 
Ficure 1. Sagittal section through the acetabulum of adult, showing the sphincter and 
lumen filled with tissue from intestine of the host; anterior end at left of the figure. 
Ficure 2. Adult, whole mount, flattened under coverglass, stained and mounted; dorsal 
view. 
FiGuRE 3. Sporocyst from Columbella lunata, natural infection, with developing cercariae. 
Ficure 4. Cercaria, composite drawing from free-hand sketches of living larvae, showing 
details of structure. 
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into the lumen, giving the opening of the sucker a dumb-bell shape. The cuticula 
is thick and in living specimens shows reticulate furrows. Minute, straight, 
retrose spines are embedded in it. They measure about 0.006 mm. in length; 
their bases are adjacent to the basement membrane and their tips barely protrude 
from the surface of the cuticula. The spines are seldom visible on stained and 
cleared specimens but show well in sections stained with iron haematoxylin. 
They are somewhat smaller in the area around the mouth and become sparse on 
the posterior part of the body. There are small papillae at the anterior end; 
presumably these are the structures which in the cercaria bear sensory bristles. 

The oral sucker measures from 0.1 to 0.145 mm. in diameter, with the mouth 
subterminal in position. There is a short prepharynx and the commissure of 
the nervous system, although morphologically prepharyngeal, usually appears to 
lie above the pharynx. The pharynx measures 0.03 to 0.06 mm. in diameter 
and the esophagus extends posteriad about one-half the distance to the acetabulum 
where it joins the intestinal ceca. The ceca pass backward on the dorsal side 
of the body above the cirrus sac, metraterm and testes, and end just behind 
the level of the seminal receptacle. They have a narrow and almost uniform 
diameter. 

The excretory system of the adult is morphologically identical, except for 
slight changes incident to growth and sexual maturity, with that of the cercaria 
(Fig. 4). The pore is terminal and a short canal leads from it to the bladder. 
The cuticula is thickened at the posterior end of the body and the circular muscles 
are modified to form sphincters at the outer and inner ends of the excretory 
canal. When the pore is closed the wall of the canal may lie in longitudinal 
folds which cause the lumen to be radiate in cross section. At the posterior end 
of the worm the longitudinal muscles of the body wall converge in bands and are 
inturned and inserted on the wall of the excretory canal. From this region 
other muscles continue meridionally in the wall of the excretory bladder, giving 
the rosette appearance depicted in the figure by Linton. It is the contraction 
of these muscles which expels the contents of the bladder. The bladder is 
saccate and when filled may extend one-third of the distance to the acetabulum. 
From the antero-lateral surface on each side, a common primary collecting duct 
passes forward in a sinuous course to the level of the acetabulum. Here it 
divides into anterior and posterior secondary branches. The anterior duct 
divides near the bifurcation of the alimentary tract into two tertiary ducts. 
One passes forward and at the level of the pharynx divides into two capillaries 
which lead to the anterior pair of flame cells; the other turns backward and 
divides into two capillaries that lead to a pair of preacetabular flame cells. The 
posterior secondary collecting duct divides in a pattern which is the counterpart 
of the anterior one. The flame cell formula therefore is 2[(2 + 2) + (2 + 2)]. 
The location of the flame cells and tubules of the cercaria is shown in Figure 4 
and the system persists with only minor changes, due to differential growth, 
in the adult condition. The wall of the excretory bladder contains circular as 
well as longitudinal fibers and the cells of the epithelial lining bear cilia or striated 
brush borders. The openings of the collecting ducts are surrounded by areas 
where the ciliary beat is conspicuous. The walls of the collecting ducts contain 
circular and longitudinal fibers and the lumen is ciliated; the ciliary beat is 
toward the bladder. Ciliated patches occur in other portions of the collecting 
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system and the ciliated tufts of the flame cells measure 0.009 to 0.12 mm. in 
length. 

The testes are ventral, situated at the sides of the acetabulum, although 
they may be displaced forward or backward until they lie anterior or posterior 
to the sucker. They are oval, compressed laterally and in gravid specimens 
measure from 0.12 to 0.17 mm. in length and 0.07 to 0.12 mm. in width. Vasa 
efferentia arise from the dorso-antero-median faces of the testes and unite to 
form a single duct which immediately enters the posterior end of the cirrus sac 
where it expands to form a bipartite, sigmoid seminal vesicle. The duct leading 
from the vesicle is surrounded by cells of the prostate and usually contains large 
secretory droplets. The cirrus is spined and although it was not observed in the 
extruded condition, the structure of the parts indicates that it is eversible. The 
cirrus sac is large and extends from the level of the acetabulum to the common 
genital pore located near the right ventral margin at the level of the bifurcation 
of the alimentary tract. The posterior end of the sac is dorsal in position and 
it curves anteriad, laterad and ventrad to the pore. The opening of the cirrus 
sac is below and slightly behind that of the metraterm. 

The ovary is dorsal, immediately posterior to the acetabulum, either median 
or lateral, right or left. It is spherical to oval and in gravid specimens measures 
from 0.085 by 0.076 to 0.12 by 0.11 mm. The oviduct arises at the ventral, 
posterior margin of the ovary and turns dorsally under the anterior end of the 
seminal receptacle. Here it receives a very short duct from the receptacle. 
From the posterior side of this short duct, Laurer’s canal passes posteriad and 
then dorsad by a sinuous course to open at the surface. The oviduct, after 
receiving the duct from the seminal receptacle, turns ventrad and toward the 
left where it expands and receives a short duct from the vitelline gland. The 
female duct then continues ventrad and posteriad forming the initial portion of 
the uterus. The uterus coils about and when filled with embryos, occupies the 
posterior half of the body. Its course becomes irregular and impossible to follow. 
The seminal receptacle is dorsal in position, immediately behind the ovary, with 
the anterior end of the vesicle above and partly overlapping the posterior end of 
the ovary. The vitelline gland is ventral, below and often slightly lateral to the 
seminal vesicle. Usually the anterior end of the vitelline gland is slightly 
anterior to the anterior end of the seminal vesicle. In the specimen shown in 
Figure 2, the structures are somewhat distorted by pressure exerted in flattening 
the worm. There is no “shell gland’’ and the miracidia develop in thin-walled, 
membranous sacs. The terminal portion of the uterus has strong muscle walls. 
It passes anteriorly below the ovary, turns dorsally at the right side of the 
cephalic portion of the ovary and continues across the right dorsal side of the 
acetabulum, passes below the cecum of the right side and turns ventrad above 
the terminal portion of the cirrus sac to open at the common genital pore. The 
development of the larvae in the uterus is similar to that in Zodgonus lasius. 


The Miracidium 


The uterus of Z. laevis is filled with developing miracidia and the terminal 
coils contain ciliated larvae. The fully formed miracidium is oval, pointed 
anteriorly and entirely covered with long, closely-set, powerful cilia. In the egg 
membrane, the cilia beat vigorously and the larva performs muscular movements; 
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the anterior tip is frequently protruded, turned about and then retracted. The 
anterior portion of the larva contains two gland cells with ducts which open at 
the tip; droplets were observed emerging from these openings. The nuclei in 
the anterior portion of the miracidium were vesicular and stained faintly; in the 
posterior portion there is a group of nuclei which stained deeply and which 
probably are those of germinal cells. There are two flame cells, one anterior 
and the other posterior in position, but the excretory ducts could not be followed. 
The number and arrangement of the ciliated epithelial cells were not determined; 
their nuclei are flattened and irregular in shape. The egg membrane is flexible 
and the shape varies with pressure; eggs in sea water and without a coverglass 
measured 0.076 to 0.08 mm. in length and 0.028 to 0.032 mm. in width. The 
miracidium is about 0.065 mm. long and 0.028 mm. wide and when the egg 
emerges from the worm into sea water the beat of the cilia is noticeably increased. 


Sporocyst Generations 


- The miracidia penetrate into C. lunata and produce sporocysts but, as noted 
previously, the number of sporocyst generations in the life cycle of Z. laevis was 
not determined. Snails infected in the laboratory during the summer did not 
produce cercariae, but from these snails, exposed to miracidia for nineteen days 
and dissected six weeks later, large numbers of young sporocysts were recovered. 
When fixed and stained, they varied in size from 0.05 by 0.04 mm. to 0.144 by 
0.11 mm., and most of them contained groups of germinal cells and germ balls, 
so immature and undifferentiated that it was quite impossible to determine 
whether they would become daughter sporocysts or cercariae. The young 
sporocysts were much smaller than cercariae. The smaller sporocysts were very 
numerous; in snails with a smaller number there was a corresponding increase in 
size. Whether all of these sporocysts belonged to a first daughter generation 
could not be determined. It is possible that some of the larger ones were first 
generation, i.e., primary sporocysts, and that some of the smallest ones were 
third generation. One of the larger ones contained five daughter sporocysts and 
15 to 20 germ balls of varying sizes. Another, in addition to germ balls, con- 
tained two embryos that were as large as daughter sporocysts but were undiffer- 
entiated; they resembled developing cercariae but could not be identified posi- 
tively. The sporocysts occupy the haemocoele of the snail. 

In naturally infected snails, all of the sporocysts contained germ masses and 
developing cercariae; no sporocysts containing identifiable daughter sporocysts 
were observed. These sporocysts (Fig. 3) were oval to elongate, colorless sacs, 
with a birth pore at one end. When fixed and stained, they varied in size from 
0.25 by 0.2 mm. to 0.86 by 0.32 mm. and usually contained several young cercariae 
in addition to masses of germinal tissue in various stages of development. All 
of the sporocysts were motile and the non-gravid ones were very active, elongating 
and shortening, bending and twisting. They changed from an oval to a cy- 
lindrical shape in which the length was as much as eight times the diameter. 
When elongate they would often bend in a C-shape and then thicken at one end, 
becoming clavate in form. In locomotion the anterior end is protruded as a 
long, slender process. It then begins to thicken near the tip until a bulbous 
enlargement is formed at or near the end. This enlargement increases in size as 
the contraction of circular and longitudinal muscles in the more posterior portion 
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thrusts the body forward, leaving an attenuated, tail-like posterior end. This 
region is then pulled forward and the cycle of events is repeated. Apparently 
either end may precede in locomotion. 


The Cercaria 


The cercariae emerge from the sporocysts before they are entirely mature 
and complete their development in the lymph spaces of the snail. Most snails 
with old infections have cercariae free in the haemocoele. Normally emerged 
cercariae (Fig. 4) measure 0.2 to 0.5 mm. in length and 0.06 to 0.16 mm. in 
width. The acetabulum is 0.07 to 0.08 mm. in diameter. The acetabular 
sphincter is developed in the cercaria and the aperture of the sucker is transverse. 
The cuticula is spined. About the anterior end of the larva there are small 
papillae, each of which bears a fine bristle. The oral sucker is 0.06 to 0.065 mm. 
in diameter. The preoral region bears a simple, pointed stylet, 0.018 to 0.02 mm. 
long, which is directed anteriad. The mouth is subterminal; there is a short 
prepharynx and the pharynx measures 0.02 to 0.027 mm. in diameter. Its 
lumen is diagonal, from anterodorsal to posteroventral and in extended specimens 
the pharynx is usually longer than wide. The esophagus extends about half way 
to the acetabulum where it joins the digestive ceca which pass laterad and 
posteriad, ending blindly near the level of the anterior margin of the excretory 
bladder. In living specimens stained with neutral red the ceca are easily traced 
since they have a deep red color. The excretory system is fully developed in 
the cercarial stage. The location of the flame cells and ducts is shown on the 
right side of Figure 4. The bladder is lined with large epithelial cells and often 
contains refractive concretions. The reproductive organs are represented by 
two cellular masses (Fig. 4), one in front and the other behind the acetabulum. 
The anterior cells form the copulatory organs; the posterior cells give rise to the 
gonads, the female accessory structures and the uterus. 

The unicellular glands of the cercaria are numerous and exceedingly hard to 
differentiate. The staining of living specimens with vital dyes and of fixed 
specimens with various cytoplasmic stains has not provided sufficiently clear 
distinctions for certain identification. The cells of any given type do not stain 
uniformly and in the penetration glands especially, the secretion may not stain 
at all in the cell body but stains more intensely as it passes along the duct. 
The age and condition of the cellular inclusions are apparently variable and the 
staining reaction varies accordingly. There are many cystogenous glands 
scattered over the body and they open to the surface both dorsally and ventrally. 
Near the posterior end of the body there are a number of glandular cells whose 
ducts pass posteriad and some of them open at or near the excretory pore. It is 
probable that these cells secrete the sticky material by which the larvae are 
attached. Anteriorly there are two clusters of glandular cells on each side of 
the body. There are about eight pairs of penetration glands, situated lateral 
and anterior to the acetabulum. Their ducts pass forward on each side of the 
body and behind the oral sucker may occasionally separate into three bundles, 
one of which passes mediad to the others which lie on the lateral side of the sucker. 
All open to the surface beside and below the stylet. The ducts are twisted about 
each other and their number could not be determined with certainty. Anterior 
and lateral to the penetration glands and partially overlapping them, there are 
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other glands, probably six on each side, whose ducts pass forward and mediad, 
below the ducts of the penetration glands, and open into the prepharynx. The 
function of these glands is quite unknown. 


The Metacercaria 


Metacercariae were recovered from the parapodia and body wall of Nereis 
virens at intervals from one day to one month after the polychaetes were exposed 
to the cercariae. Each larva was enclosed in a thin, non-cellular capsule, pro- 
duced by the cystogenous material of the cercaria. The body was bent ventrally, 
its dorsal surface applied to the cyst wall, with the two ends adjacent or over- 
lapping. The parasites induced proliferation of fibroblasts in the tissues of the 
host and became enclosed in connective tissue capsules. When the host tissue 
was teased apart in sea water, the cysts fell out. The cysts were spherical to 
oval and immediately after encystment measured from 0.12 to 0.18 mm. in 
diameter. If the cysts were in locations where they were not subjected to 
pressure they remained spherical, if they were between muscle layers and com- 
pressed, they became oval. At the end of two weeks the cysts were noticeably 
larger, the larvae had grown, the excretory vesicles were filled with concretions, 
the gland cells were reduced but still recognizable, and the stylets were somewhat 
smaller. With the gradual resorption of larval structures, there was a corre- 
sponding development of the reproductive organs. These structures, represented 
in the cercaria by two groups of deeply staining cells, had begun to assume 
definitive form, although the gonads of metacercariae removed from Nereis four 


weeks after exposure to infection, were no further developed than those of the 
cercariae of Z. lasius. 


DISCUSSION 


Life history studies require precise and accurate determination of the species 
of animals used in the investigation. In describing the worms from the tautog 
as a new species, Zodgonoides laevis, Linton compared them with the descriptions 
of Z. viviparus (Olsson, 1868) Odhner, 1902 as given by Olsson (1868), Odhner 
(1902) and Nicoll (1907). These accounts are at variance in certain respects. 
Odhner regarded Olsson’s description as incorrect in certain particulars and 
Nicoll’s description agrees in the main with that of Odhner. Although Odhner’s 
measurements of the worm and of the oral sucker agree with those of Olsson, 
Odhner found the acetabulum twice as large as the oral sucker, an observation 
not in agreement with the findings of Nicoll. Olsson reported Z. viviparus as 
rare, he did not find it on the Swedish west coast and only two specimens were 
found in Pleuronectes microcephalus taken near Bergen, Norway. Both Odhner 
and Nicoll reported the parasites as abundant in several species of fish, chiefly 
flatfishes, and Odhner found it in P. microcephalus. Olsson reported the worms 
from the stomach, whereas members of the family Zodgonidae are typically 
parasites of the hindgut of fishes. Odhner regarded this observation of Olsson 

s ‘‘ein ganz zufalliges Vorkommens oder als ein Irrtum.”’ It is not impossible 
that the specimens had developed in another host which had been eaten by 
P. microcephalus and that they had migrated from the hindgut of their host 
after it was eaten. Olsson’s figure shows the opening of the acetabulum as oval, 
longer in_the transverse direction; in Odhner’s figure the aperture is nearly 
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circular although the text states, ‘‘mit quergestellter, ovaler Lichtung.” De- 
scribing the acetabulum, Nicoll found the “aperture nearly circular, or if elliptical 
the eccentricity is small.” Olsson stated that the digestive ceca extend nearly 
to the excretory vesicle, whereas Odhner and Nicoll reported that the ceca do not 
extend past the middle of the acetabulum. In his figure, Olsson showed the 
genital pore as lateral, near the level of the intestinal bifurcation, but unfortu- 
nately there is no statement in the text and no legend to orient the figure; conse- 
quently it is impossible to determine positively whether the opening is on the 
right or left. Linton regarded Olsson’s figure as a ventral view, with the genital 
pore on the right side. This interpretation is probably correct since in other of 
Olsson’s figures, notably those of D. fasciatum and D. increscens in which the 
genital pore is lateral, statements in the text show that the figures were drawn 
from the ventral aspect. Furthermore, the protruding acetabulum of Z. viviparus 
would make it exceedingly difficult for a fixed and stained specimen to lie on 
the ventral side and consequently there are strong reasons for the opinion that 
Olsson’s specimen was mounted with the ventral side up. Both Odhner and 
Nicoll, however, stated that in their specimens the genital pore is on the left side. 
Nicoll’s measurements of the miracidium are larger than those of Odhner, whose 
figures agree with those of Olsson. In view of the disagreements in the descrip- 
tions, there seems to be a reasonable doubt whether Odhner and Nicoll had the 
same species that Olsson had described. 

Linton accepted the accounts of Odhner and Nicoll as corrected descriptions 
of Z. viviparus and distinguished Z. laevis from Z. viviparus on the ‘‘ comparative 
absence of spines” (a feature which he regarded as unimportant), the length of 
the digestive ceca, and the location of the genital pore. Where Z. laevis differs 
from the description of Z. viviparus as given by Odhner and Nicoll, it agrees 
with Olsson’s original description of the species. The American specimens, 
described by Linton as Z. laevis, might reasonably be assigned to Z. viviparus, 
but such disposition would imply that the specimens of Odhner and Nicoll 
represent a different species, an inference that could not be justified without 
restudying their material. A more complete description of Z. laevis and knowl- 
edge of its life history will facilitate comparison with European species. 
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INTERSEXUAL FEMALES AND INTERSEXUALITY 
IN HABROBRACON 


P. W. WHITING 


(From the University of Pennsylvania, Philadelphia, and the 
Marine Biological Laboratory, Woods Hole) 


Much of the material discussed in this paper was collected by aid of a grant for assistance 
from the Penrose Fund of the American Philosophical Society. The female intersexes were 
found while work was being done under a grant from the Board of Graduate Education and 
Research of the University of Pennsylvania. 


Despite the great amount of breeding work especially centering about a 
search for irregular sex types in the parasitic wasp Habrobracon juglandis (Ash- 
mead), there has hitherto been reported (Whiting, Greb and Speicher, 1934) 
only one real intersexual form. This is the mutant type gynoid, the gene for 
which, gy, causes haploid males to be weakly intersexual. Gynoid females are 
indistinguishable from wild type. The trait acts as a recessive in heterozygous 
diploid males. 

Gynoid males are similar to normal males in internal structure and in external 
genitalia. Their ocelli are large resembling those of normal males. Their 
normal male instincts indicate that the brain is structurally as in the male, 
since mating reactions in Habrobracon are determined by the brain. Sclero- 
tization of the abdomen is progressively heavier anteriorly, approximating the 
condition found in the female. Antennae of normal males have about twenty 
segments in the flagellum, those of females usually not more than thirteen. In 
gynoid males the segments are reduced in number to that of the female, although 
they are not quite as short and thick. Superficially a gynoid male suggests a 
sex-mosaic or gyander with female head, male abdomen, but, as indicated, 
certain structures are themselves intergrading, the body is approximately sym- 
metrical with all parts presumably of the same genetic constitution and the type 
is perpetuated as a pure-breeding form. 

Nine intersexual females of the same species have recently been found and 
are herewith reported for the first time. They occurred among the offspring of 
a single female. Superficially these appear to be the reverse of the gynoid males, 
being more masculine anteriorly, feminine posteriorly. The heads are character- 
istically male having large ocelli and long antennae, flagellar segments ranging 
from 18 to 21 with 20 as the mode. Tests made on five of the nine showed 
indifference to caterpillars and vigorous attempts to mate with females, indicating 
the brain to be structurally male. Abdominal sclerotization is male-like an- 
teriorly. The first and second tergites are thin and the anterior sternal thick- 
enings small. Sclerotization is progressively heavier posteriorly and sternal 
thickenings become elongate, approximating the condition of the female. 

Internal structures of the abdomen are as in the female, including normal 
poison sack and glands and seminal receptacle. The ovaries, however, lack 
differentiated nurse cells and ova. Each appears to be a pair of sacks of o6gonia 
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similar to the primordia of the ovarioles formed in the spun-in larva and normally 
remaining essentially unchanged until the eyes of the pupa begin to turn black, 
when differentiation of odcytes begins. 


Ficure 1. Gynoid male. Note the short “‘female’’ antennae and the heavy 
anterior sclerotization of the abdomen. X16. 


Ficure 2. Intersexual female. Note the long ‘“‘male” antennae and the decrease 
in abdominal sclerotization anteriorly. X16. 


Like gynoid, these intersexes differ from sex mosaics in being approximately 
symmetrical and similar to each other, in possessing sex intermediate characters 
and in occurring in a group in one fraternity as if caused by an hereditary factor 
rather than being scattered as single individuals. 





240 P. W. WHITING 


The fraternity containing these nine intersexes was small since the mother 
had been discarded after eight egg-laying days,—two vials. Offspring were 
being classified for sex and for certain eye colors. Nothing unusual was observed 
in the first vial from which were obtained 13 females (+ 10, orange 3) and 11 
males (+ 3, orange 8) of expected types. The nine intersexes (+ 7, orange 2) 
were all found in the second vial which contained 13 males (+ 4, orange 9) and 
no females. Proportion of wild type to orange eye color deviates from the 
expected 1 : 1 in the females and intersexes in the opposite direction from that 
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Ficure 3. Outlines of abdominal sternal thickenings and of external genitalia in normal male 
(A), intersexual female (B) and normal female (C). X65. 


in the males. This may be but a fluctuation due to small numbers or it may 
indicate some chromosomal irregularity. 

The males appeared structurally normal except that one had external genitalia 
slightly reduced, a condition not infrequently found in Habrobracon. Dissection 
of seven including this one showed internal genitalia normal. Flagellar segments 
of antennae ranged from 18 to 21 with mode 20, normal for males. Ocelli were 
of normal male size. 

Since the offspring in the first vial had been discarded no tests could be 
made. A mass culture from the vial 2 males, besides individual pairings of four 
of these with related females, yielded nothing irregular in the immediate progeny 
or in later generations. Many closely related side lines, which were being bred 
for the eye color studies, gave only normal types. Unfortunately the eye colors 
were brought into the mutant fraternity in such a way as to be of no significance 
for determining which offspring were from fertilized, which from unfertilized 


eggs. 
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DISCUSSION 


The mother of these intersexes may have mated with two different brothers 
before she was isolated for breeding. Sperm from one male may have been used 
first to produce the females. The second male may have sired the intersexes 
from sperm with a dominant intersex factor. This hypothesis is regarded as 
unlikely in view of the fact that the females and intersexes were produced in 
separate vials. In known instances of double matings the two types of offspring 
expected eclose together, suggesting that the sperm have mixed. 

If a mutation occurs in a primitive germ cell of a female of Habrobracon, 
the resulting mutant tissue tends to form a stratum cutting across the two 
ovarioles of both ovaries. This is due to the method of development from the 
primitive germ cell mass which separates longitudinally into the gonad primordia 
in a late embryonic stage. Each primordium elongates in the grown maggot, 
the beginning of sex-differentiation, and is subsequently divided longitudinally 
into two sacks, which become the ovarioles. Non-mutant tissue may then 
function for a period producing eggs in the first vial, for example, while hetero- 
zygous mutant tissue gives rise to eggs produced later. 

If the intersexes be regarded as haploid (male) from unfertilized eggs, it 
may be supposed that the mother’s sperm supply was exhausted before transfer 
to a second vial. Normal males and intersexual males would then segregate in 
equal ratio in vial 2. This hypothesis is regarded as unlikely because of the 
structure of the intersexes indicating that they are fundamentally female. 

A dominant mutation in the ovaries should appear in only half of the zygotes 
produced while the mutant tissue is functioning. Normal females might then be 
expected in vial 2 at least equal in number to the intersexual. If, however, the 
mutation occurred in the sex-differentiating chromosome segment as a modifica- 
tion (deletion ?) in one of the sex factors (changing xb to xb™), females (xa/xb) 
might be replaced by intersexes (xa/xb™). Sperm, xa, fertilizing eggs from xa/xb 
tissue in vial 1 would produce normal females, xa/xb, and diploid males, xa/xa, 
but from xa/xb™ tissue in vial 2, intersexual females, xa/xb™, and highly inviable 
diploid males, xa/xa, would result. Unfertilized eggs would give haploid males 
as expected but xb™ males might be inviable. 

The data must be regarded as inadequate to prove whether these intersexes 
were due to a modification connected with the normally sex-differentiating factor 
or whether, like gynoid, to an independent change. The series of sex alleles, 
xa, xb, xc, etc., has been shown to be located at about the center of the left arm 
of the linkage map. The gene gynoid, gy, is located near the distal end of the 
right arm and therefore segregates independently of sex. 

It is questionable whether the diverse effects of gynoid on antennae and 
abdominal sclerotization should be regarded as multiple effects of a single gene. 
Gynoid may possibly be a translocation from the differential segment determining 
sex, the x factor. In a male with the sex allele in the normal position this might 
give a complementary feminizing effect causing intersexuality. 

Goldschmidt has defined an intersex as a phenotypic mosaic which begins 
development as one sex according to its chromosomal constitution, XY or ZZ ¢, 
XX or WZ Q, and then, after a turning-point, forms organs as in the opposite 
sex. The earlier the turning-point, the higher the degree of intersexuality. 
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With sex determination as in Habrobracon, haploid intersexes should begin 
development as male, later shifting to female. The same should apply to 
diploids if homozygous for the sex factor. Diploids heterozygous for sex should 
begin development as female, later shifting to male. 

The nine intersexual females discussed here must be regarded as more strongly 
intersexual than gynoid males since antennae, ocelli and instincts are completely 
sex reversed. The abdominal sclerotization of both intersexual types is inter- 
mediate. Neither external nor internal genitalia are affected except that the 
ovaries of the intersexual females fail to mature, remaining as sacks of oégonial 
tissue. The turning-point appears to occur earlier in the anterior than in the 
posterior region of the body or else the developmental processes forming the 
external genitalia, which are begun before the turning-point, are such that they 
must be carried to normal completion. 

A comparison may here be made with triploid females of Habrobracon. 
These are daughters of diploid males arising from fertilization of a normal egg by 
a diploid sperm. They are presumably an unbalanced type, having two similar 
paternal sex alleles combined with a dissimilar member of the series of maternal 
origin. A diploid female may then be xa/xb, while a triploid will be xa/xa/xb 
or xa/xb/xb. These formulae suggest the possibility of intersexuality, but 
dominance relationships appear to be such that triploid females show no masculine 
traits either in structure or in reactions. 

Their egg production is, however, considerably lowered, being about one-fourth 
that of diploid females. This reduction, involving both ova and nurse cells, 
may be a small step toward intersexuality. A compensatory growth takes place 
in the odgonial chamber which enlarges and elongates considerably under the 
influence of feeding from host caterpillars. It would be of interest to know what 
might have happened to the ovaries of the intersexual females if they had been 
similarly nourished. 

The suggestion has frequently been made that diploid males may be sex- 
reversed females. This view originates in the older concept that diploidism as 
such causes femaleness, a view now shown to be erroneous. Certain differences 
of diploid from haploid males are to be expected dependent upon chromosome 
number, but these are not necessarily in the direction of femaleness. Cell-size 
for example is not only much greater in diploid males than in haploid: it actually 
surpasses considerably the cell size of the normal diploid females. The sex- 
linked gene ‘‘fused”’ causes antennal segments to be much reduced and fused 
together. Fused females have much shorter antennae than haploid fused males. 
Diploid fused males approximate fused females, having antennae only slightly 
longer. Wild type females have much shorter antennae than haploid wild type 
males. Diploid wild type males approximate haploid, but, as determined by 
count of segments, their antennae are slightly shorter. Difference in antennal 
length of diploid from haploid males is due to chromosome number as such; 
difference of females from diploid males is due to heterozygosis for the sex factor. 
As regards antennae, the gene ‘‘fused’’ increases the difference due to chromosome 
number, but tends to mask the difference due to sex. Intermediacy of diploid 
males with respect to antennal length should not be regarded as intersexuality. 





















INTERSEXES IN HABROBRACON 


SUMMARY 


Nine female intersexes are described and compared with the one intersexual 
form previously known in Habrobracon, the fertile mutant type gynoid, a weakly 
intersexual male. 

These female intersexes proved sterile, having male heads and instincts and 
abortive ovaries. They are, in general, female posteriorly, while gynoid males 
have partially feminized heads but react like males. 

Evidence suggests a dominant mutation in the sex-differentiating factor as a 
possible cause of this female intersexuality. 

On the basis of comparison with these female intersexes, it is suggested that 
the structure of ovaries in triploid females represents a step toward intersexuality. 

Antennal length of diploid males, both fused and wild type, although inter- 
grading, is not regarded as due to intersexuality but to diploidy as such. 
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NEW RECORDS OF SOME MARINE CHAETOPHORACEAE AND 
CHAETOSPHAERIDIACEAE FOR NORTH AMERICA * 


FRANCESCA THIVY 


(University of Michigan, Ann Arbor, Michigan) 


The study of the microscopic epiphytic, endophytic, shell-boring, and litho- 
philic Chlorophyceae—a habit group not as yet fully explored for Woods Hole— 
was suggested by Dr. Wm. Randolph Taylor and was carried out, under his 
direction, during the summers of 1939 through 1942, at the Marine Biological 
Laboratory. For helpful criticism the writer is greatly indebted to him. 

In making this second report of the investigation, the writer wishes to express 
her sincere gratitude to the Levi Barbour Foundation of the University of Michi- 
gan, and Dr. Alma G. Stokey, through whose kindness these studies were made 
possible. 

Of the five members which are here added to the marine Chaetophoraceae of 
North America, four have been described for Europe and one for the West Indies. 
The present report of Diplochaete solitaria Collins (Chaetosphaeridiaceae) for 
Woods Hole, Massachusetts, extends its distribution north of Jamaica. 


CHAETOPHOREAE 


Phaeophila Hauck, 1876. Plants endophytic, immersed within the external cell 
walls or embedded in the cortex of the host, shell-boring, or rarely epiphytic; 
thallus forming discs consisting of free or partly fused uniseriate branches; 
branching lateral, alternate; cells cylindrical to round, often sinuous or with 
irregular protrusions, frequently setigerous, with usually several nuclei; chloro- 
plast parietal, plate-like, partly lining the cell wall, lobed at the margins, at 
times becoming perforate or breaking up into discs; pyrenoids 1—13; setae usually 
one to a cell, occasionally two or three arising from a cell, firm-walled, distinct, 
very long, usually wavy but often straight while within the host and wavy 
outside it, without a basal septum but often developing a thick collar at the base 
and at times thereby becoming occluded, or, seta secondarily developing a basal 
septum; sporangia intercalary, or terminal on branchlets, cylindrical, round or 
conical, containing many zodéspores, provided with a wide cylindrical neck; 
sporangial neck twice the diameter of a seta but shorter, without wavy walls; 
zodspores escaping together or one after the other, quadriflagellate; biflagellate 
zoéids observed in only one case (Huber 1892b, pp. 330-31); entrance into the 
host effected by a germination tube arising from the anterior end of the zoéspore; 
zoéspore and the lower end of the germination tube becoming empty and later 
cut off by a septum. 


* Paper from the Department of Botany, University of Michigan, No. 733. 
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Phaeophila Engeri Reinke 
Phaeophila divaricata Huber, 1892b, p. 331. 
Ochlochaete Engleri (Reinke) Hansgirg, 1892, p. 201. 


Plant inhabiting living or dead shells of marine annelids and molluscs, im- 
parting a grass green color to them, present on both sides or only on the dorsal side 
of the shells often associated with other algae; thallus visible only after decalcifica- 
tion, consisting of branched procumbent filaments extending in various directions; 
cells occasionally showing one to several rhizoidal processes about 4.8 u diameter 
(Plate II, figure 14); central cells deeply lobed, partly fused and forming a net- 
work, but the filaments distinct peripherally; branching lateral; cells cylindrical 
and either straight or sinuous along their length, or isodiametric with very 
irregular lobes; cells 4.7—21.6 » diameter, 1-5 times as long, when isodiametric 
and irregular up to 52.4 uw wide; in Spirorbis shells, however, cells only 4.7—11.8 u 
diameter, 1-5 times as long, when isodiametric and irregular up to 13.2 u wide; 
setae not numerous, sometimes lacking, either sinuous or straight, continuous 
with the lumen of the supporting cell or secondarily separated by a cell wall 
from it, both when basally open and when closed showing sparse granular con- 
tents; setae when open at the base, often strengthened by a collar-like basal 
thickening of the wall; width of setae 1.18-2.55 u, sometimes 3.6 u; length of 
setae about 0.1 mm; cells 1-5 nucleate, with 1-7 pyrenoids; chloroplast parietal, 
plate-like with lobed margins, at times breaking up into discoid portions, often 
crowded with starch grains; cells frequently sending out 1—5 globular to oval, 
vertical or lateral processes capable of developing an apical cap-like, stratified 
swelling of the cell wall (Plate I, figures 1 and 2); or cells, in some instances, 
bearing directly a similar or a peg-like thickening of the wall associated with a 
seta or alone (Plate I, figures 9, 11, 15 and 16); end walls of cells occasionally 
stratified; lateral walls sometimes having a number of small lentiform swellings 
(Plate II, figures 7-10); sporangia flask-shaped to irregular, usually intercalary, 
10.2—28.05 uw long, 1-14 times high, provided with a cylindrical neck about twice 
the diameter of a seta, 3.53~—5.32 u wide and the length 1-7 times the width; 
zoéspores 6-22 in number, ovoid, sometimes spindle-shaped, when swimming 
measuring 3.6-8.4 u in diameter, 14-2 times as long, quadriflagellate, having a 
pyrenoid, an eye-spot and a pair of contractile vacuoles; length of the flagella 
usually equalling that of the zoéspore; germination occurring with the formation 
of a tube from the anterior end of the zodspore in a line with its long axis; the 
zoéspore and the lower part of the germination tube becoming empty and cut off 
by a septum; aplanospores rarely seen, about 16 in a cell, each surrounded by a 
cell wall, 7.11-9.41 uw diameter. 


Woods Hole, Massachusetts: On clam shells (Mya arenaria L.)—Black Rock, 
23 July 1941, coll. W. R. Taylor, July 1942; Great Harbor, 15 July 1941 and 
14 Aug. 1942; Penzance, salt marsh, coll. Jennie L. S. Simpson, 26 Aug. 1942; 
on quahaug shells (Venus mercenaria L.), Black Rock, 23 July 1941; on Busycon 
carica Gmelin, Great Harbor, coll. W. J. Gilbert, 30 July 1941; on Polynices 
duplicata (Say), Spindle, 26 Aug. 1942; on Anomia simplex D’Orbigny, Spindle, 
26 Aug. 1942; on Thais lapillus (L.), Gay Head, 16 July 1941; on Spirorbis 
spirorbis (L.), attached to Fucus vesiculosis L., Spindle, 26 Sept. 1942; all ex- 
cepting Spirorbis and Thais were dead shells. 
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Europe: On Spirorbis nautiloides—Kieler Féhrde, Engler and Reinke; Biilk, 
Baltic Sea, Lakowitz; on Spirorbis and shells of various mussels and snails, 
Kristineberg, Swedish west coast, Kylin; Weymouth, Dorset, Engl., Batters. 


Distribution: Baltic Sea, southern coast of England, Atlantic coast of N. America. 


Reinke, 1889, p. 86; Batters, 1902, p. 13; Migula, 1907, p. 807; Lakowitz, 1929, 
p. 138, figure 194; Kylin, 1935, pp. 193-97, figures 3, A-F and 4, A-M. 

P. Engleri is very similar to P. dendroides (Crouan) Batters, but is readily 
recognized by its shell-inhabiting nature, the latter species being endophytic in 
various marine algae. Reinke considered (1899, p. 86) that the sinuous cells of 
P. Engleri distinguished it from P. dendroides. Though the latter also often 
has deeply sinuated walls, a greater variability of cell shape and wall is character- 
istic of P. Engleri. A cell of P. Englert may bear several lateral and vertical 
papilla-like processes which give it an extremely irregular contour (Plate I, 
figures 1 and 2). As described by Kylin the processes may develop an apical 
thickening of the wall, which breaks through the shell layers and communicates 
with the external medium. When the papillate processes are lacking, evidence 
of the tendency to form connections with the exterior is seen in the cap-like or 
conical pegs formed directly on the cells as described above. P. dendroides was 
found growing in the walls of Chondrus crispus (L.) Stackh., Polystphonia flexi- 
caulis (Harv.) Collins, and Champia parvula (C. Ag.) Harv., at Woods Hole, 
Mass. It does not have papillate cell processes, but its cells often have a solitary 


PLATE I 
Phaeophila Engleri Reinke 
From Spirorbis 
Ficure 1. Filaments showing three papillate cell processes with apical thickening of the 
wall, X 1000. 


Ficure 2. A cell with 5 processes resembling cells in Bor. et Flah., 1889, Plate VI, Figure 3; 

other cells showing chloroplast, pyrenoids and starch grains, < 1000. 
From Urosalpinx 

Ficure 3. Filaments in natural position, X 481. 

Ficure 4. Filament with a developing sporangium, X 481. 

Ficure 5. Cell filled with starch grains, X 681. 

Ficure 6. A terminal sporangium, X 481. 

From Mya 

FIGURE 7, a-e. Zodspores; a, living, showing chloroplast and eye-spot; b-e, stained with 
iodine; d, unusually large zeéspore with 2 contractile vacuoles, eye-spot and pyrenoids, X 929. 

Ficure 8. Intercalary sporangium with aplanospores, X 710. 

Ficure 9. Filament showing a sporangium with a peg on the wall, by the side of its neck, 
x 481. 

Figure 10. Filament showing a sporangium with a seta beside the neck, X 471. 

FiGurE 11. Sporangium with a peg and a narrow neck, X 1000. 

Figure 12. A globular sporangium, X 481. 

FiGurE 13. Empty sporangia, X 763. 

Ficure 14. Two irregular cells embedded deeply in the shell, X 734. 

Ficure 15. Cell with a seta and a dome-shaped tubercle on the wall, « 1000. 


From Polynices 


FiGcureE 16. Cell with a seta and a tubercle on the wall, x 1000. 
FicurE 17. Sporangium with zodéspores showing eye-spots and pyrenoids, 547. 
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lateral process resembling the initial stage of a branch; the peculiar swellings of 
the wall found in P. Engleri are completely absent. 

Another difference between the two species is discernible in their sporangia. 
In both they are usually intercalary, cylindrical to flask-shaped, but the length 
of the emission tube is much shorter in P. Engleri (Kylin, figure 4L) than in 
P. dendroides (Huber, Plate XVI, figure 9). It is either a short papilla or a tube 
in length about 1—2 times the height of the cell in the first case, and about 4 
times the height of the cell in the other. In P. dendroides it extends beyond the 
host to about 25.5 u as seen in the examples at Woods Hole, but in P. Engleri 
the tube apparently does not project beyond the shell surface. It is significant 
that figure 4L cited above represents sporangia in a culture, without the shell, 
as it affords evidence that the short emission tube is a stable character of the 
species. 

The phenomenon of setae secondarily developing a basal wall found in 
P. Engleri may also be seen, though very rarely, in P. dendroides. 

That chalk-boring algae are of greater importance than animals of similar 
habitat in breaking down calcareous substrata and releasing potassium, mag- 
nesium and other elements, is stated by Nadson (1927, p. 153). He says that 
various blue green algae as well as Gomontia polyrhiza (Lagerh.) Born. et Flah. 
and Ostreobium Queketti are widely distributed, but not P. Englert and Conchocelis 
rosea Batters. One may conclude from the common occurrence of P. Englert 
at Woods Hole and presumably also in Europe, the alga probably is present in 
many more localities than are so far known. In all cases of clam and quahaug 


shells examined for P. Engleri, at Woods Hole, the latter alga was mixed with the 
large unicells of Gomontia, but in Anomia, Polynices, Thais and Spirorbis, 
P. Engleri was present alone. 





PiaTE II 
Phaeophila Engleri Reinke 
From Mya 

FiGurEs 1-2. Cells showing setae with the secondary basal septum; in Figure 2 cell contents 
seen in the seta; Figure 1 X 1000; Figure 2 x 592. 

Ficure 3. Cell showing seta with a collar-like basal thickening of the wall and cytoplasmic 
granules, X 1000. 

Ficures 4-5. Cells showing basally open setae, Figure 4 X 493; Figure 5 X 592. 

FiGureE 6. Cell with two setae, one basally open, the other with a basal septum, X 592. 

Figures 7-10. Cells showing lenticular swellings in their lateral walls, Figure 7 X 751; 
Figure 8 X 586; Figure 9 X 624; Figure 10 X 724, from a culture on shells. 

FicureE 11. Filaments showing narrow cylindrical, and large globular cells, 666. 

Ficure 12. Filament showing irregular cells resembling in shape and size some of the cells 
in Bornet and Flahault, 1899, Plate VII, Figure 16; 1142, from a culture on shells. 

FiGcurE 13. From a culture on shells, an intercalary cell showing a large cylindrical precess 
resembling in size the spindle-shaped cell process in Taylor, 1937, Plate I, Figure 13, and agreeing 
in size as well as shape with cell processes in Bornet and Flahault, /. c., Plate VII, Figures 14 
and 16; X 703. 

Figure 14. Cells with rhizoids as in /. c., Plate VI, Figure 7; X 634. 

From Anomia 

FicureE 15. Filament showing several nuclei to a cell, as in /. c., Plate VIII, Figure 20; 

813, from a culture on shells. 
From Urosalpinx 
FiGurE 16. Filaments with two flask-shaped young sporangia, X 813. 
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Because of the frequent occurrence together of Gomontia polyrhiza and 
Phaeophila Engleri, the swollen cells of the latter could be taken to represent 
the intermediate stage in the development of intercalary cells into the unicells of 
Gomontia, for which such an origin has been described by Bornet and Flahault 
(1888, pp. 163-65; 1889, pp. CLII-CLX, Plates VI-VIII). Observations of 
P. Engleri and G. polyrhiza made in the course of this study and a comparison 
of these algae (cf. Plate II, figures 12-15) with the descriptions and figures of 
G. polyrhiza given by Bornet and Flahault (op. cit.) for the Atlantic coast of 
France and the Mediterranean Sea and by Taylor (1937, pp. 57-58, Plate I, 
figure 13) for the Atlantic coast of North America, suggest that the filaments 
attributed to Gomontia are, with little doubt, the filaments of Phaeophila Engleri. 
The latter alga has probably often been overlooked and its distribution must be 
at least as wide as that of Gomontia polyrhiza. 

P. divaricata Huber (p. 331, Plate XVI, figures 12 and 13) agrees with P. 
Engleri in cell size and in its calciphilous habit within the encrusted walls of the 
‘stems’ of Acetabularia. The sporangia of the two species are very similar, 
and characteristically different from those of P. dendroides; the form on Acetabu- 
laria is probably the same as P. Engleri Reinke. It is of interest also to note, 
since P. Engleri has evidently been taken to be a stage of Gomontia, that Huber 
says some of the cells of P. divaricata are swollen toward their summits and 
resemble the habit of Gomontia. 

P. dendroides var. calcicola Hansgirg growing in the shells of gastropods and 
also in Corallina and Lithothamnium is reported for Istria and Dalmatia 
(Hansgirg, 1892, p. 201). Taking into account Kylin’s remark (p. 194) that 
P. Englert is more common at Kristineberg on the shells of various mussels and 
snails than on Spirorbis, it appears likely that P. dendroides var. calcicola is 
synonymous with P. Engleri. 

The present observations show that the forms of Phaeophila, occurring on 
Spirorbis on the one hand, and in the shells of molluscs on the other, cannot be 
considered as different species as they vary only in cell size. The smaller di- 
mensions of the perforating form on Spirorbis may result from space limitation. 


Ectochaete (Huber) Wille, 1909. Species marine or fresh-water; plants 
microscopic, endophytic in other algae; thallus usually forming discs of radiating 
partly fused filaments within the host wall, in one species developing pseudo- 
parenchymatous cushions after emerging from the host wall, in another anchored 
in the mucilage investing the assimilatory filaments of the host in the form of 
threads interwoven with those of the host; branching lateral or rarely dichoto- 
mous; cells uninucleate, cylindrical to round, setigerous; seta solitary, straight, 
very long, showing sparse granular contents, without a basal septum but at 
times the lumen not visible at its base; chloroplast single, parietal, incompletely 
cylindrical, plate-like or sometimes perforate, usually with numerous starch 
grains; pyrenoids 1--8; plants reproducing by zodspores or isogamous gametes; 
zodsporangia or gametangia developing from vegetative cells; having a short to 
long beak and containing many zodids; zodspores and gametes biflagellate, with 
a chloroplast, a pyrenoid and usually an eye-spot; germination either accom- 
panied by the production of a germination tube from the anterior end of the 
zodspore or not. 
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Ectochaete leptochaete (Huber) Wille. Plant filamentous, endophytic in 
the external cell walls of green, brown and red algae, forming minute mono- 
stromatic discs 64-166 u diameter; branches lateral, irregularly alternate, arising 
as a rule near the proximal end of a cell, often with the basal septum occurring 
a short distance above the subtending cell, in the older stages showing fusions 
in the center of the disc but filaments remaining free outwardly; central cells 
with a diameter of 5.88-11.82 » (according to Huber, 5-15 u), isodiametric or 
1.5 times as long; cells towards the ends of the filaments usually 3.5—4.7 yu di- 
ameter, 2-4 times as long; setae very delicate, tubular, containing cytoplasmic 
granules, 1.2-1.5 1 diameter, about 80,4 in length, with a constriction at the 
point of exit from the host wall; lumen of seta continuous with that of the sup- 
porting cell but sometimes not visible at its base, the wall being opaque at this 
point; chloroplast plate-like, incompletely lining the wall, perforate in the older 
stages; pyrenoids usually 1-3, sometimes 4; many central cells serving as zodspo- 
rangia, 5.88—11.82 u diameter, round, conical or shortly cylindrical with a short, 
vertical, hyaline beak, in length usually one third the diameter of the cell and 
rarely half the diameter; zodspores about 12 in each, 2.44 diameter, either 
spherical or ovoid, 4-5 uw long, biflagellate, with flagella three times the cell 
length; during germination the anterior end of the zodspore prolonging into a 
germination tube and entering the host, the empty zodéspore not cut off by a 
wall (Huber 1892b, Plate XV, figures 8 and 9). 


Woods Hole, Massachusetts: In the external walls of Polysiphonia novae-angliae 
Taylor, especially in the basal part of the host, in the wash at Nobska Point, 
September 1 and September 10, 1942; in Chondrus crispus (L.) Stackh. (inter- 
tidal) and the leaves of Sargassum Filipendula C. Ag., from the wash at Nobska 
Point, 10 September 1942. 

Huber recorded the species for the Gulf of Lyons where it was present in 
salt water ponds, on Cladophora, Chaetomorpha Linum and Ceramium diaphanum 
(Lightf.) Roth, (Nov. and April), and for the Bay of Biscay, on a Chaetomorpha 
(Sept.). It is cited by Feldmann for the Gulf of Lyons, as growing in Dictyota 
dichotoma and Dilophus Fasciola, (May to June). For the English Channel, we 
have reports by Hariot, on Cladophora tenerrima at Tatihou, by Batters from 
Devon, and by Newton, on Ectocarpus penicilliformis, Ceramium diaphanum 
and Cladophora, also from Devon. 


Distribution: W. Mediterranean, Atlantic Coasts of France, England and N. 
America. 


Huber, 1892b, pp. 319-26, Plate XV, figures 1-9; Batters, 1902, p. 14; Wille, 
1909, p. 79; Oltmanns, 1922, I, pp. 299-300; Printz, 1927, p. 194; Hamel, 1930, 
p. 28; Newton, 1931, p. 62; Feldmann, 1937, p. 181; Thivy, 1942, pp. 98 e¢ seg. 


The species may be distinguished from E. Taylori, another marine species 
to which it comes nearest in structure, by its habit and by the delicate setae 
only half as wide as those of E. Taylori, which has setae 2.66-3.8 u in diameter, 
as well as by its smaller cell size, for in E. Taylort the cells have a diameter of 
8-18 » and sometimes up to 25.54. Besides, each of the two species is char- 
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acterized by its sporangium and by its method of germination. The careful 
and detailed description given by Huber 1892b applies closely to the alga as found 
at Woods Hole, except that the cell diameter does not reach 15 yu in the present case. 

In cultures without the host, grown in sterile 0.875 Detmer’s solution, the 
species behaves, on the whole, like Z. Taylort, forming a disc from which upright, 
branched filaments arise in the place of the setae and grow into a fuzzy mass 
about 1 mm. in diameter. The vegetative cells and sporangia are larger than 
in nature and reach 23.52 u diameter. The zodspores are also larger, 3.5-5.1 u 
in diameter, and there are up to 30 in a sporangium. When the culture is trans- 
ferred to plain sterile sea water, setae appear after the lapse of a week. The 
basal constriction observed by Huber both in nature and in cultures of the 
endophyte still within the host, is seen in the above cultures, though the host 
is absent. 


Ectochaete vagans (Bérgesen) comb. nov. (Endoderma vagans Bérgesen). 
Thallus filamentous, microscopic, endophytic in the external cell walls of various 
algae, creeping; filaments uniseriate, forming a network or radiating from a 
center, fused to a slight extent in the middle of the thallus or free throughout, 
widely spreading at their ends; branches lateral, irregularly alternate, sometimes 
without a basal septum; cells sub-cylindrical, often having at the middle or at 
the upper end a lateral obtuse outgrowth remaining as such or growing into a 
branch, 5.32—13.3 u« diameter, 1—4 times as long, with the diameter at an out- 
growth usually doubled; end cells of attenuate filaments 1.23—5.32 » and 5-17 
times as long; occasionally intermediate cells may be narrower and longer than 
normal; plants having on their walls, either laterally or vertically, dome-shaped, 
conical or peg-like tubercles in width a third to half the diameter of the cells, 
but lacking them sometimes; an extremely fine, long, straight seta, 1.176 u in 
diameter, about 100 yu long, proceeding from the conical tubercle; seta continuous 
with the lumen of the supporting cell, tubular but the lumen usually not visible 
and when in view seen only above the opaque base of the seta, deciduous; conical 
base of seta about 8 u diameter, embedded in the host wall, incrassate, usually 
transversely striate or punctate with less refractive areas; chloroplast parietal, 


Piate III 


Ectochaete leptochaete (Huber) Wille 
From Polysiphonia novae-angliae Taylor 

Figures 1-2. Habit of two plants, Figure 1 x 749; Figure 2 X 855. 

FicurE 3. Sporangia (necks not visible) and uninucleate cells in nature, in surface view, 
xX 855. 

Ficure 4. Habit of plant in culture (0.875 Detmer solution) showing branches in the place 
of setae, X 24. 

Ficure 5. Filament from a culture (0.875 Detmer solution) bearing a long two-celled erect 
branch in the place of a seta, X 394. 

FIGURE 6. Terminal colorless cell ending in a basally open seta (sea water culture), X 855. 

Figure 7. Terminal green cell ending in a basally open seta (sea water culture), X 855. 

Figure 8. Intercalary cells with setae showing continuity of the lumen from cell into seta 
(sea water culture), X 855. 

FiGuRE 9. Empty sporangia with rather long necks (culture in 0.875 Detmer solution 
+ algal extract), X 394. 

Ficures 10-11. Sporangia with necks of average length filled with a semi-hyaline wall 
substance. (Culturein 0.875 Detmer solution + algal extract), Figure 10 x 444, Figure 11 394. 
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partly lining the cell wall, in older cells obscured by the numerous starch grains, 
appearing bright green in dry specimens; pyrenoids 1-5, usually 1-3 (Bérgesen 
found 5-7); sporangia arising from usually somewhat enlarged vegetative cells, 
producing 7—15 zoéspores; the latter 2—3 u diameter, 44.7 u long; in the sporangia 
provided with tubercles the opening occurring through them; the number of 
flagella not observed so far; sexual reproduction not known; during germination 
the anterior end of the zoéspore growing in a line with its long axis and forming 
a germination tube, the latter becoming the first green cell. 


Woods Hole, Massachusetts: In the wall of Polysiphonia flexicaulis (Harvey) 
Collins, coll. Gladys Bulmer, in the wash at Little Harbor, Aug. 31, 1940; also 
of P. Harveyi Bail. v. Olneyi (Harv.) Collins, coll. Jennie L. S. Simpson, in the 
wash at Nobska Point, Sept. 9, 1942. 

The alga was found by Bérgesen growing at a depth of 5 fathoms on Griffithsia 
globulifera Harv., near Buck Island, St. Croix, Virgin Islands. It was again 
collected by Taylor, growing in the cell wall of old specimens of Bryopsis washed 
ashore in Rockly Bay, Tobago Island, Br. West Indies. Thus the alga occurs 
in the sublittoral region and probably also at intertidal levels. 


Distribution: West Indies, Atlantic Coast of North America. 


Bérgesen, 1920, pp. 418-19, figure 400; Taylor, 1942, pp. 15-16. 

In the specimens collected at Woods Hole in 1942, while observing the cellulose 
tubercles, the presence of very delicate setae was noticed for the first time in 
this species. Bérgesen’s figures, especially 400c and d, agree with the appearance 
of the tubercles seen in the above specimens, but he was of the opinion that 
the structures in question on his plants were small cells. He remarks that now 
and then five to six or more narrow bodies, lying above each other, are present 
in them. He also says these bodies are filled with starch and leaves it to further 
observations on living specimens, as he had studied only dry ones, to add infor- 
mation about them. Though Bérgesen does not refer to the cellulose tubercles, 





PLATE IV 


Ectochaete vagans (Bérgesen) comb. nov. 


On Polysiphonia Harveyi Bail. v. Olneyi (Harv.) Collins 

Ficure 1. Habit of endophyte within the host wall; no tubercles or setae seen, X 75. 

FicurRE 2. Thallus showing fusions in the center and lacking tubercles and setae; two open 
sporangia seen, X 352. 

Ficure 3. Two young plants; a tubercle seen at a, X 352. 

FiGureE 4. Lateral view of two filaments within the host wall; setae with conical incrassate 
bases, X 749. 

Ficure 5. Germling showing the germination tube dividing into two cells and the empty 
zodspore, X 1649. 

FicurRE 6. Two-celled germling embedded in the host wall with the empty zodspore on 
the surface of the host, X 666. 

FicurE 7. Three-celled germling, X 465. 

On Polysiphonia flexicaulis (Harv.) Collins 

Ficure 8. Plant showing reticulate habit, tubercles, sporangia and empty sporangia, 
X 273. 

Ficure 9. Filament showing three sporangia. Two with the opening in the center of the 
tubercle, X 431. 
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the figures cited above probably depict these structures, considered by him as 
elevations of cells cut off by a cell wall. 

In the living examples the elevations or outgrowths of cells are distinct from 
the cellulose tubercles. The former show the presence of large amounts of 
starch, becoming black like the rest of the cell contents when treated with 
Schultz’s solution. Occasionally the apex of an outgrowth develops into a 
cellulose tubercle (Plate V, figures 12 and 13), which takes on a violet color with 
the above reagent. The tubercles that also occur directly on the cells do not 
contain cell contents, but consist entirely of wall substance. 

The presence of setae in the collection from Woods Hole leaves little doubt 
that the conical tubercles are the persistent bases of the setae, while the dome- 
shaped and peg-like ones appear to be structures that are either sui generts, or 
setae arrested in their development. In common with the setae of other endo- 
phytic Chaetophoraceae, those of the present alga presumably function in 
creating a large surface of contact with the medium external to the host; the 
persistent bases of the setae as well as the other tubercles very likely subserve 
the same réle. 

The setigerous character of the species necessitates its transfer from Endo- 
derma Lagerh. to Ectochaete (Huber) Wille. 

The habit of Phaeophila and Ectochaete may be looked upon as reduced 
(specialized) and being derived from a heterotrichous habit in which the erect 
system has been replaced by setae, or it may be considered relatively primitive, 
and as evolving from a simpler entirely procumbent habit (Fritsch, 1942, p. 401). 
Erect filaments developing instead of setae in cultures of these two genera may 
have not only physiological but also phylogenetic meaning (Huber, 1892a, p. 333). 


The setae of Ectochaete leptochaete, E. vagans and Phaeophila Engleri 


A seta continuous with the lumen of the supporting cell is said to be char- 
acteristic of the genus Ectochaete (Huber, 1892a, p. 331, figure 5; Printz, 1927, 
p. 194). In the present cultures of E. leptochaete the setae show open bases in 
favorable examples; in others the bases look solid, the setae appearing to take 


PLATE V 
Ectochaete vagans (Bérgesen) comb. nov. 
On Polysiphonia Harveyi Bail. v. Olneyi (Harv.) Collins 

Ficures 1-3. Filaments with tubercles on the wall; in Figure 1 the broken line representing 
the host wall * 1000. 

Ficures 4-5. Cells showing the bases of the setae, X 1000. 

FicurE 6. At a, seta with an opaque base, showing the lumen in the upper part; at ), 
a peg-like tubercle on the wall, 1000. 

Figures 7-8. Long terminal cells of two filaments, X 1000. 

FicurRE 9. Filament with two sporangia, one showing a tubercle, < 1000. 

Figures 10-11. Germlings showing the empty zoéspore outside the host wall and the 
germination tube within; Figure 10 X 764; Figure 11 x 1000. 

FicurE 12. Filament showing a cell bearing a process with an apical thickening of the 
wall at a, and a peg-like tubercle on the wall at 6, X 1000. 

On Polysiphonia flexicaulis (Harv.) Collins 

Figure 13. Filament showing a cell process with an apical thickening of the wall at a, 
and an open sporangium at b, X 575. 

Ficure 14. Three Sporangia, each with a tubercle, 575. 
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their origin from the cell wall, however the lumen is clear along the rest of the 
length of the seta and it contains granules especially at the apical part. A 
rather similar condition is present in the genus Chaetosphaeridium. 

Klebahn (1892, p. 269, Plate IV) considers the setae of C. minus Hansg. 
(C. Pringsheimii Klebh.; A phanochaete globosa |[Nordst.] Wolle var. minor Hansg., 
cf. West, 1904, p. 182-83) as agreeing in structure with those of Coleochaete, 
and his figures show continuity of the lumen from cell to seta, while Mébius 
(1892, p. 104, figure 8) says with reference to the setae of the above alga (for 
synonymy cf. Hazen 1902, p. 228) ". . . sondern hier findet sich eben nur die 
Kommunikation durch Verdickung der Membran sehr verengt.‘* Huber (I. c., 
pp. 338-39) pointed out that the setae of Chaetosphaeridium globosum (Nordst.) 
Klebh. (Aphanochaete var. a globosa Hansg.) are transitional between tubular 
and solid setae, since their lumina are extremely narrow with protoplasm repre- 
sented by only a few granules, and Oltmanns (1922, I, p. 303) cites the same for 
the species. On the other hand, Wille (1909, p. 100), Heering (1914, p. 144), 
Printz (1927, p. 233) attribute solid, homogeneous, tegumentary setae to the 
genus, and Fritsch (1935, p. 286) considers that setae of this type characterize 
the family. The lumen is so greatly reduced in the genus that both these 
interpretations exist. 

The difficulty of seeing the passage between the seta and its supporting cell, 
because of the thickness of the wall and the narrowness of the lumen at the base 
of the seta, may give rise to the view that the setae are tegumentary in E. lepto- 
chaete, but it is possible in some cases to see clearly the passage from the cell 
into the seta, and this confirms Huber’s description of them. 

The setae of Ectochaete vagans and Phaeophila Engleri are comparable with 
those of Acrochaete repens Prings. At Woods Hole, in certain cells of Acrochaete 
the lumen of the seta could be seen connected with that of the cell (Plate VI, 
figure 1, a and c) while in most cases the seta is refractive and cannot be viewed 
in optical section (Plate VI, figure 1, b and figure 4); in a few instances it was 
found also that a septum may arise at the base of a seta, separating it from the 
cell, and in these examples the setae had been shed, breaking a little above 
their bases (Plate VI, figure 3). Huber (I.c., p. 328, figure 3, b) considers such 
septa as secondary developments since the setae lack nuclei of their own. 

The opaque conical base of the seta in Ectochaete vagans similarily cannot be 
seen in optical section, but since a lumen is visible at times above the base of 
the seta (Plate V, figure 6a) a connection probably exists between seta and cell 
as in Acrochaete. 

The basally open and the basally septate setae of Phaeophila Engleri agree 
with the corresponding setae of Acrochaete, and as in the latter the formation 
of a basal septum in certain of its setae is presumably secondary. 

It is of interest to note that the cells of Acrochaete may have cellulose tubercles 
as in both the species compared with it above, but in it invariably found at the 
apices of cell processes (Plate VI, figure 2). 


LEPTOSIREAE 


Entocladia Reinke, 1879. Algae forming discs in the cell wall, immersed in the 
mucilage of the host, penetrating the tissues of the host, or found in the cuticular 
layer of Coelenterata and Bryozoa and in the shells of molluscs; thallus of radi- 
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ating filaments often subparenchymatously congested in the center; hairs and 
setae absent; cells cylindrical to isodiametric, sometimes irregularly swollen, 
uninucleate, with a parietal chloroplast and one to several pyrenoids; sporangia 
appearing in large numbers, sometimes slightly larger than vegetative cells, 
provided with a papilla-like or short, tubular beak, producing 8-28 usually 
quadriflagellate zodspores and exceptionally biflagellate zodspores and isogametes; 
germination of zodspore endophytic or epiphytic in type. 


Entocladia testarum Kylin. Alga inhabiting the superficial layers of the dead 
shells of molluscs, in shallow water and salt marshes; thallus forming a more or 
less spherical mass of interlacing filaments; internal filaments partly fused, 
consisting of round to oval or irregular shaped cells 7.1-10.58 u diam. and of 
cylindrical cells 3.52 1 diam., 3-8 times as long; in the intermediate region of 
the thallus one-celled, oval, decumbent branchlets present, with a diameter of 
9.4 u; outer filaments of the semispherical mass free, with cylindrical cells about 
3.53 uw diam., 3-8 times as long, bearing one to several decumbent or vertical, 
papilla-like processes 3.53—5.88 » diam.; tips of outer filaments bending upwards 
towards the surface of theshell; cells with a parietal, plate-like, sometimes perforate 
chloroplast; starch grains often numerous, making the chloroplast appear reticu- 
late; pyrenoids 1-5, usually 2 or 3; sporangial cells cylindrical to club-shaped or 
round 7.06—12.94 u diam., and neck 4.71-—5.88 » diam., 7.1—9.41 » long; zodéspores 
4-14 in each, 2.35-4.1 uw diam., twice as long, pear-shaped, quadriflagellate, with 
flagella equalling the cells in length, with an eye-spot, a chloroplast, a pyrenoid, 
and starch grains; germination of the epiphytic type, not involving the formation 
of a germination tube. 


Woods Hole, Massachusetts: Rich growth in the empty shells of Mya arenaria 
L. along with traces of Gomontia polyrhiza and Phaeophila Englert, Penzance 
salt marsh coll. Jennie L. S. Simpson, August 29, 1942. 


Europe: Kristineberg, Swedish west coast, very abundant on dead Mya arenaria 
shells, Kylin. 


Distribution: Baltic Sea; Atlantic coast of North America. 


Kylin, 1935. pp. 197-201, figures 5 A-R; 6 A-F. 

Kylin gives an account of the characteristics of the alga in cultures, both 
isolated and on shells. In the former case spherical masses of filaments were 
formed with cells larger than in nature, and with the length of sporangial necks 
reaching twice the diameter of the sporangia (Kylin 1935, figure 5 P and R) 
that is, a little longer than when within the shell. When a culture was grown 
on Mya arenaria shells, some of the filaments emerged from it, and these were 
10-15 »% wide while the immersed filaments were 5-10 4 wide; sporangia were 
obtained under both conditions. 

Kylin points out (J. c., p. 203) that the species is difficult to distinguish from 
E. tenuis Kylin and that the two usually are found together, with Gomontia 
and Phaeophila; but he mentions that the cells are narrower and longer in E. 
tenuis, (the measurements being 3-5 u diam., 8-20 times long in the young cells 
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and 5-8 uw diam., 4-8 times long in older ones). Since no cells in E. testarum as 
met with at Woods Hole, in agreement with Kylin’s description, exceed the 
length of 8 times their diameter, and because of the characteristic cushion habit 
with numerous decumbent or erect branchlets, cell processes, and branch tips, 
found in nature in the present specimens, but seen by Kylin only in his cultures, 
the species appears to be singular and unmistakable. Moreover a definite 
difference between the latter two species is to be seen in their germlings (J. c., 
p. 204) as E. testarum, unlike E. tenuis, lacks a germination tube. 

Regarding the phylogenetic significance of the plagiotropic dendronema or 
nematoparenchyma (terms ex Schussnig, 1938) under which types the Leptosireae 
come, Fritsch postulates: ‘‘. . . the first step in the evolution of the heterotrichous 
habit may have been a branched creeping filament or expanse attached throughout 
to the substratum, . . . a possibility not incompatible with the existence of 
prostrate types that have arisen by reduction from a heterotrichous filament.” 


ULVELLEAE 


Ochlochaete Thwaites, 1849. Plants epiphytic on marine phanerogams and 
algae, or creeping on stones, shells and debris, green or olive-green in color; 
thallus filamentous, but more or less pseudoparenchymatous from the beginning; 
branches subdichotomous, either (O. ferox, O. lentiformis, O. gratulans) superposed 





PLATE VI 


Acrochaete repens Prings. 
FiGuRE 1. Filament showing at a and c continuity of the lumen between cell and seta 
at 6 the opaque base of a seta, X 528. 
FiGurE 2. Filament with vertical cell processes, each with a tubercle at the apex, X 329. 
FicureE 3. A cell showing a secondary septum between seta and cell process, X 947. 
FicurE 4. Cell with seta showing lumen above and opaque base below, X 528. 


Entocladia testarum Kylin 
From Mya 

FiGuRE 5. Superficial cells of the thallus showing horizontal filaments, erect processes and 
unicellular branches, X 991. 

FIGURE 6. Terminal cell with two erect processes, X 991. 

FicurRE 7. Filament with a decumbent apex, a lateral process, a decumbent lateral process 
at a, and a vertical process at b, X 1142. 

Ficure 8. A horizontal filament from the intermediate region of the thallus showing a 
unicellular decumbent branchlet, < 1142. 

FicurE 9. Filament showing two uninucleate cells and the decumbent tip of a process, 
xX 1142. 

Ficure 10. Unicellular branch showing nucleus, chloroplast and pyrenoid, X 1273. 

FicureE 11-13. Intercalary sporangia showing necks, X 1142. 

Ochlochaete lentiformis Huber 

FiGurREs 14-15. Young discs from Busycon, X 529. 

FicurE 16. Cells from a disc growing on a stone showing arrangement in three fused layers, 
X 529. 

FicureE 17. Cells from a disc growing on a stone showing two fused layers, X 529. 

FiGure 18. Marginal cell of a young disc showing the basally open seta, from Busycon, 
X 259. 

FiGuRE 19. Seta with the lumen narrowed at the base, from a stone, X 1142. 

FiGuRE 20. Two-celled germling from Busycon, X 2283. 

FiGuRE 21. ‘Transverse section of thallus showing sporangia, one of them with zodspores, 
X 800, figure from Huber, 1892b. 
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and completely fused, resulting in a 2—3-stromatic disc, or (O. hystrix) in one 
plane and united only in the centre of the thallus; some of the cells bearing a 
seta; seta thick walled, firm, straight, showing sparse contents, with lumen 
continuous with that of the supporting cell; cells round to rectangular, uni- 
nucleate; chloroplast parietal, plate-like, with usually one and sometimes 2-3 
pyrenoids, often with numerous starch grains; reproduction by 4-flagellate 
zoéspores, produced in large numbers in sporangia provided with a short neck; 
zoéspores ovoid with a hyaline beak and a pyrenoid, escaping in a mass and 
expelled with force; zoéspore germinating by growing at right angles to its long 
axis, 7. ¢. epiphytic in type. 


Ochlochaete lentiformis Huber. Alga forming green specks on the surface of 
stones, shells and debris; disc 51-831 u» in diam., more or less circular, pulvinate, 
consisting of filaments fused into a firm tissue, without intercellular spaces, 
2-3-stromatic in the center, monostromatic at the periphery; short erect branches 
of one or two cells in length arising near the margin of the disc, making it poly- 
stromatic; margin of disc truncate, or showing free ends of filaments to a depth 
of 1-2 cells; cells often exhibiting a radial arrangement in the disc, 5.1-12.75 u 
diam., sometimes up to 22.95 u diam., some of the superficial cells of the disc 
at times only 3.5 u diam.; cells at the margin in old discs round or oval with the 
radial axis longer, in young discs as above and also sometimes when oval with 
the long axis in the tangential direction; superficial and marginal cells often 
bearing a seta; setae 2.35—3.82 u diam. near the base, 0.85—1.8 uw near the tip, 
about 0.5-1 mm. long; lumen of seta and supporting cell confluent; chloroplasts 
plate-like, with 1-3 pyrenoids; sporangia with a short neck, forming about 16 
zoéspores expelled together explosively, germinating without producing a germi- 
nation tube. 


Woods Hole, Massachusetts: On old dead shell of Busycon carica Gmelin, 
Great Harbor, coll. W. J. Gilbert, July 30, 1941; on dead shells of Polynices 
duplicata (Say), on dead shells of Anomia simplex D’Orbigny, on broken bits 
of porcelain, on white pebbles, all at the Spindle, August 26, 1942. 


Europe: Croisic, Bay of Biscay, abundant on pieces of porcelain, old pipes and 
glass, Huber, September 1891. 


Distribution: Atlantic coasts of France and North America. 


Huber, 1892b, pp. 296-97, Plate XI, figures 1-3; Wille, 1909, p. 88; Printz, 1927, 
p. 211; Hamel, 1930, pp. 44 and 46. 

This alga may pass for Protoderma marinum Reinke, associated with which 
it was seen on stones, pieces of porcelain and shells in the present collections. 
They are alike in forming pseudoparenchymatous discs several layers in thickness, 
but they are distinguished by the presence or absence of setae. When setae are 
few in O. lentiformis it can be distinguished easily by the size of its cells, for in 
P. marinum the cell diameter is about a half of that of the former and is 3.5- 
7.65 4, some of the central cells occasionally reaching up to 124. The central 
cells in both are more or less round though they may be isodiametric-angular in 
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Protoderma marinum. The marginal cells are round or oval in both, but some- 
times oblong in P. marinum. 

O. ferox Huber (I. c., pp. 292-93, Plate X, figures 1-10) is known for Massa- 
chusetts (Collins, 1909, p. 288; Taylor, 1937, p. 55). It differs from the present 
species in choice of substratum, being epiphytic on Cladophora, Chaetomorpha 
and Zostera, as well as by the larger size of its thallus and cells, and the presence 
of setae in greater numbers. 

Fritsch (1935, p. 260) considers the upper layers as possibly formed by short 
erect adpressed branches, while Huber described them as arising from superposed, 
horizontally growing branches. Both interpretations are tenable, since the 
branches are not long enough to see whether they remain erect or grow parallel 
to the surface of the disc. The habit of Ochlochaete, with little doubt, represents 
the incipient, plagio-orthotropic crust or cushion which finds its best expression 
among the Chaetophorales, according to Fritsch (1942, p. 401), in Pseudo- 
pringsheimia. 

The genus has been reported to have only a single pyrenoid in each cell, 
except by Hylmé (1916, p. 29) who found two in the longer cells; the present 
examples of O. lentiformis have frequently 2-3 pyrenoids to a cell. 


CHAETOSPHAERIDIACEAE 


Diplochaete solitaria Collins. This epiphytic alga was found at Woods Hole, 
adhering to a filament of Polysiphonia Harveyi Bail. v. Olneyi (Harv.) Collins 
collected in the wash at Nobska Point, on September 10, 1942. In cell measure- 
ments, thickness of cell wall and characters of the solid setae, the specimen falls 
completely within the description given by Collins. A pyrenoid was not seen; 
its presence was doubted when the alga was first described. Only two individuals 
were seen in the present instance and the alga appears to be rare. 

Diplochaete remains a monotypic genus as when originally described, since 
Polychaetophora W. et G. S. West, which was united with Diplochaete by 
Collins (1909, p. 278), has been reestablished, and the genus Oligochaetophora 
created for P. simplex G. S. West, a unicellular epiphytic form like D. solitaria 
but found in fresh water (West, 1911, pp. 88-89). 


Distribution: West Indies (Jamaica, on Laurencia obtusa); Massachusetts as 
above. 


Collins, 1901, p. 242; 1909, p. 277-78, figure 99; Wille, 1909, p. 103; Printz, 
1927, p. 231, figure 178. 
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POLARIZATION, KINETOCHORE MOVEMENTS, AND BIVALENT 
STRUCTURE IN THE MEIOSIS OF MALE MANTIDS 


SALLY HUGHES-SCHRADER 
(Department of Zoology, Columbia University) 


INTRODUCTION 


The pioneer studies of mantid cytology of Giardina (1897), Oguma (1921) 
and King (1931) were concerned primarily in establishing the chromosome 
complement and the existence of the X:X2Y, o’, and X;X1X2Xe, 9, sex chromo- 
some mechanism. The meiotic bivalents were found to conform to the usual 
orthopteran types and few or no data were given on the prophase behavior of 
any except the sex chromosomes. The later papers of Williams (1938) and 
Erazi (1940), while in general supporting the earlier conclusions, are based on 
inadequate material and analysis. Erazi’s report of an XY or XX sex chromo- 
some complement in the male of Empusa pennicornis should be checked on more 
extensive material. 

The recent studies of White (1938, 1941) have resulted not only in his beautiful 
analysis of the compound sex chromosome complex, and the discovery of an XO o, 
XX 9 sex chromosome mechanism in many species, but have also disclosed in 
the meiosis of male mantids three other problems of major cytological interest. 
First is the nature of the bouquet stage. The occurrence of two separate polar- 
izations of the chromosomes at different periods of the prophase,—the second of 
which takes place at pachytene—offers an exceptionally favorable opportunity 
for an analysis of bouquet formation. The second problem is posed by the 
complicated series of kinetochore movements. In most mantid species the 
spindle forms in late pachytene, whereupon homologous kinetochores move 
suddenly apart toward opposite poles forcibly stretching open the bivalents in 
the developing spindle. This unique movement is followed by the re-approach 
of the homologous kinetochores as the chromosomes again contract; only then 
do the bivalents move to their final position in the metaphase plate, following 
which the real anaphasic movement is initiated. The third problem—the 
relation of chiasmata to bivalent structure—is presented by the variation among 
different species in the form of the bivalents during the stretching process and 
at first metaphase. In Callimantis, where the stretch phenomenon is absent, 
the bivalents retain the parallel association of their homologous chromosomes, 
except for a localized separation at the kinetochore region, until anaphase. The 
cytological evidence for the complete absence of visible chiasmata at all stages 
in these bivalents is unequivocally clear (White, 1938; Hughes-Schrader, 1943). 
In all the other species investigated by White (1941) the pre-metaphase stretching 
of the bivalents discloses terminal connections between their homologous chromo- 
somes suggestive of previous chiasma formation. 

Obviously the amazing range of chromosome and more specifically kinetochore 
movement, and in type of bivalent structure indicated above afford data which 
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bear significantly on many problems of the mitotic mechanism. Until an 
experimental analysis becomes possible, the comparative study of these phe- 
nomena in many related species offers the best approach to the problems they 
pose. The present report covers five species, in one of which are found two 
distinct types of prophase behavior correlated with different geographic distribu- 
tion. The cytological data are presented separately for each species,—followed 
by a comparative study of the problems outlined above as clarified by the varia- 
tions presented in the different species. 


MATERIAL AND METHODS 


Males of the following four species were collected on Barro Colorado Island, 
Panama Canal Zone, during December of 1939 and 1940: Liturgousa annulipes 
Serv.,—six pre-adult nymphs, two adults; Stagmomantis carolina Johann,—two 
adults; Angela gutanensis Rehn,—one adult; and Choeradodis rhombicollis 
Latreille,—two adults. Stagmomantis carolina was also collected in the region 
of Onancock, Virginia, in July and August 1941 and 1942; fifteen pre-adult and 
two adult males were used in the present study. Also from Onancock is the 
material of Paratenodera sinensis Saus.,—comprising seven pre-adult males. 
My experience confirms White’s (1941) report that the pre-adult male offers the 
most extensive range of stages in spermatogenesis. It is a pleasure to thank 
Dr. James A. G. Rehn of the Academy of Natural Sciences of Philadelphia for 
the identification of all of the specimens, with the exception of the Paratenodera. 

The fixatives of Sanfelice, and Bouin as modified by Allen and Bauer, were 
used exclusively. Material was sectioned at from 8 to 12 micra and variously 
stained in iron haematoxylin, Smith’s modification of Newton's gentian violet, 
La Cour’s chromic acid gentian violet, and Feulgen. Counterstaining with 
erythrosin after gentian violet and with light green after Feulgen was useful for 
spindle and nuclear membrane differentiation. 


CYTOLOGICAL DATA 


The three main problems—(1) the second polarization or bouquet stage, 
(2) kinetochore movements, and (3) bivalent structure and chiasmata, will be 
considered separately under the different species. Early prophase, prior to 
pachytene, is remarkably uniform in all and a few words here will apply to all 
the species studied. Leptotene and zygotene stages fix and stain poorly, and 
no detailed analysis of them has been attempted. The major features of chromo- 
some behavior can, however, be established. Leptotene is characterized by a 
typical bouquet formation in which the ends of all the autosomes are aggregated 
on a restricted region of the nuclear membrane immediately underlying the 
division center,—while the bodies of the chromosomes extend through the nucleus 
in loops. The sex chromosomes are also polarized. In Liturgousa and Angela 
the single X undergoes a typical conflexion and its closely appressed ends are 
aggregated with those of the autosomes. The behavior of the multiple sex 
chromosomes of Stagmomantis, Choeradodis, and Paratenodera is less open to 
analysis, but in Paratenodera at least it can be shown that the ends of all three 
sex chromosomes are involved in the polarization. The bouquet formation 
persists through zygotene and terminates at different times of the prophase in 
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the different species, but usually during early pachytene. By this time the 
division center is no longer visibly differentiated from the general cytoplasm. 


Stagmomantis carolina from Virginia 


The diploid complement of the male of this species is 27,—12 pairs of auto- 
somes plus X;:, X2, and Y. The chromosomes are figured and described by 
King (1931); I shall therefore confine my account to those aspects of the meiotic 
prophase bearing on the problems outlined. 


I. Second polarization 


With the cessation of polarization in early pachytene the chromosome ends 
assume a random distribution in the nucleus, and a completely unoriented stage 
ensues (Fig. 1). By mid pachytene the division centers again become visible as 
asters form around them. Thereupon the chromosome ends once more orient 
actively and aggregate on the nuclear membrane underlying the centers. For 
the second time, therefore, in this prophase, a bouquet formation is brought about. 
Two division centers are now involved, however, and this results in variation in 
the pattern of polarization. Both ends of a bivalent may move to the same 
pole, or one end may go to each pole stretching the body of the bivalent between 
them. A double bouquet results—with the ends of the bivalents variously 
distributed at the two centers (Figs. 2 and 3). The centers are usually already 
on opposite sides of the nucleus when they. first become visible, but occasionally 
the timing varies and the two poles may lie no more than 90° apart. In such 
cases, as the centers continue to move toward opposite sides of the nucleus, the 
grouped chromosome ends follow them on the inside of the membrane, for by 
late pachytene the two bouquets are invariably some 180° apart. [This pre- 
cocious activity of the centers and consequent shifting of the aggregated chromo- 
some ends is more common in the Barro Colorado form of Stagmomantis and is 
illustrated in Figures 12 and 13.] Such a sliding movement of the chromosome 
ends along the membrane suggests that no real fusion or firm cementing of the 
two is involved,—although after appropriate staining it is possible to demonstrate 
that the terminal chromomeres of each bivalent are closely appressed against 
the nuclear membrane (Fig. 4). The attenuation of the ends of the bivalents 
might suggest that they are under tension,—but since it is equally apparent in 
bivalents looped at one pole as in those stretched betweén two, this impression 
is misleading. The apparent attenuation more probably stems from the fact 
that as the gyres of the chromosomes increase in diameter and decrease in number 
—progressively from the kinetochore distally—the ends are the last to be affected. 


II. Kinetochore movements 
a. Kinetochore separation, spindle formation, and stretch. 


The nuclear membrane disappears early, while the nucleus is still in a late 
pachytene stage. The spindle forms immediately, filling the entire nuclear 
area, and undergoes a rapid elongation. Coincidently the bivalents are released 
from their polarized condition. Thereupon their ends appear flaccid and evince 
no further specific movement. 
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The two kinetochores of each bivalent now separate sharply and orient toward 
opposite poles (Fig. 5). This movement occurs while the bivalents are scattered 
throughout the nuclear area, their position reflecting the grouping of the preceding 
polarization (Figs. 5, 6, and 7). Bivalents lying close to one pole (upper right, 
Fig. 6) may show as extreme an initial separation of kinetochores as those in 
the equator. 


(All drawings made with camera lucida at table level with Zeiss 2 mm., n.a. 1.3, obj. and 
20 X oc.; enlarged with pantograph. Magnification as reproduced 2700 x.) 


FIGURES 1 to 4. Stagmomantis carolina, Virginia. 


FicurE 1. Non-polarized early pachytene; upper level only drawn; ends distributed at 
random. Feulgen. : 

Ficure 2. Second polarization, in mid-pachytene. Feulgen; intact membrane and division 
centers at poles unstained. 

Ficure 3. Later stage in second polarization. Feulgen. 

Ficure 4. Detail of same after gentian violet and erythrosin; terminal chromomeres applied 
to membrane under center. 
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FIGURES 5 to 8. Stagmomantis carolina, Virginia. 


FicurE 5. Early stretch; membrane gone, upper bivalents still polarized, other bivalents 
opening as kinetochores orient to poles. Feulgen. 

Figures 6 AND 7. Early stretch; asynchrony of bivalents; secondary loci of separation 
between homologues; spindle elongation complete. Feulgen. 

Figure 8. Mid-stretch; some bivalents not yet opened; open cross in several bivalents 
here and in Figure_9. Feulgen, 
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The events just described—break down of nuclear membrane, formation and 
elongation of spindle, separation and polar orientation of homologous kinetochores 
—take place with great rapidity as is shown by the rarity of these stages compared 
with those which precede and follow them. Other evidence supports this. 
Thus, cells in which the nuclear membrane has but just collapsed, as shown by 
the persistent polarization of some of the bivalents (top, Fig. 5), already show 
continuous spindle fibers between the centers, and a marked increase in inter- 
center distance over immediately preceding stages with membrane intact. 
Again, in stages such as Figure 6, whose closeness to Figure 5 is attested by 
evidence in the distribution of the chromosomes of their previous polarization, 
the spindle has already attained almost its maximum length. Indeed, the 
elongation of the spindle is always completed before all of the bivalents have 
been stretched open by the poleward movement of their kinetochores. [Meas- 
urements of spindle length at these and later stages are given in Table 1; a 
consideration of the role of spindle elongation in the kinetochore movement is 
reserved for the discussion—in comparison with data from the other species 
studied. |] 

The movement of homologous kinetochores toward opposite poles continues 
—often to an extreme degree. Not infrequently two thirds or more of the total 
spindle length may be traversed by the separating kinetochores of a given biva- 
lent. In the process, the homologous chromosomes of each bivalent are stretched 
and pulled apart, retaining only terminal or subterminal connections in one or 
both arms (Figs. 8 arid 9). The resulting attenuation of the stretched chromo- 
somes is extreme, often appearing to approach the breaking point (note especially 
the middle bivalent of Figure 8). A pronounced asynchrony characterizes the 
stretching process among the different bivalents. In its early stages, as pointed 
out above, there seems no correlation between position in the spindle and time 
and degree of stretch (Fig. 6); later stages however show the most extreme 
stretch in bivalents equatorially placed on the spindle, while those nearer the 
poles are belated in opening (Figs. 8 and 9). Eventually all the bivalents are 
stretched open,—but the asynchrony is so great that the stretching process 
actually overlaps the recontraction of the bivalents which follows it. 

Due to the shortness of the pairing segments in the sex chromosomes, their 
kinetochores are never so close together as those of the autosomal bivalents. 
Furthermore, the chromosomes of the sex trivalent, unlike those of autosomal 
bivalents, begin to separate and have already assumed an end to end alignment 
(X:-Y~-X2) before the stretching process is initiated. (This point is difftcult of 
demonstration in Stagmomantis but is clearly evident in Paratenodera and 
Choeradodis.) As the spindle forms in the nuclear area the kinetochores of the 
sex trivalent move toward the poles. Their movement, unlike that of the 
bivalents, is a random one,—not determined by repulsion between homologous 
kinetochores. Thus one X and the Y may move toward one pole and the other 
X toward the opposite pole; both Xs may go toward one and the Y toward the 
other pole; or, one X may pass toward each pole while the Y is stretched between 
them (Figs. 8, 9, and 10). Occasionally a trivalent shows all three kinetochores 
near one pole,—but it is impossible to distinguish these positively from trivalents 
which have not yet oriented. Apparently the direction of kinetochore movement 
is toward the nearer pole, determined by the chance position of the chain of three 
chromosomes at the time of the formation of the spindle. 
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b. Re-approach of homologous kinetochores. 


The extreme stretching of the meiotic chromosomes is followed by their 
gradual re-contraction and the re-approach of their widely separated kinetochores. 
This movement seems to be brought about by the resumption of the normal 
coiling of late prophase, previously interrupted by the stretching process. A 
slight but consistent decrease in spindle length during the assumption of the 
compact form of final metaphase (measurements in Table I) undoubtedly expe- 


TABLE I 
Kinetochore movement and spindle elongation 


Measurements in ocular micrometer units; each figure is the average of some ten measure- 
ments. 





























Inter-center Distance Inter-kinetochore Distance 
Pre- Early Late Com- |Spindle| Pre- Maxi- | Com- | Kineto- Kineto- 
| stretch:| stretch:| stretch:| pact elon- | stretch;| mum pact chore chore 
Species mem- no plate | meta- ation | mem- | stretch;} meta- | sepa- sepa- 
brane | mem- form- | phase: uring | brane (in phase; | ration | ration 
intact! | brane, ing plate | stretch | intact!;| longest (in during at 
| } no com- | (av. rod longest | stretch | meta- 
| plate | | pleted | max. biva- rod phase 
| sep.) lent) biva- 
| | | | lent) | 
Stagmomantis | | 
carolina, Va. 14.4 | 26.3 | 25.9 | 23.0 | 11.9 | 00 | 13.0) 7.0 | 13.0 | 60 
Stagmomantis | 
carolina, B.C. Is. | 19.0 | 24.2 24.1 | 22.7 | 5.2 2.0 10.5 | 7.2 8.5 3.3 
Paratenodera sinensis | 16.8 | 24.0 | 23.1 | 21.6 | 7.2 | 0.0 9.2 | 6.6 | 9.2 | 2.6 
Liturgousa annulipes | 11.5 | 24.5 | 23.9 | 24.0 13.0 2.1 10.6 | 9.2 | 8.5 1.3 
Choeradodis 
rhombicollis 26.3 | 28.7 | 27.6 | 26.6 | 2.4 ami. 78 6.1 | 5.1 1.0 











1Except in Liturgousa; here the inter-center distance recorded is the maximum attained 
before the orientation of the kinetochores to the centers but after the breakdown of the nuclear 
membrane. 


dites the process. The outline of the chromosomes becomes smoother and their 
staining capacity greater as contraction proceeds, suggesting the deposition of 
matrical material during this time. This feature, together with the degree to 
which the bivalent has been opened, permits one to distinguish between those 
bivalents in process of stretching and those undergoing the ensuing contraction. 
The precise time at which half spindle components form between the kinetochores 
and the centers is uncertain, due to the difficulty of differentiating them from 
the mass of fine fibrils making up the continuous spindle. However, at the 
period of maximum stretching many bivalents show unmistakable half spindle 
components. The re-contraction of the stretched chromosomes, and the re- 
approach of the homologous kinetochores, is thus effected despite any pull or 
resistance that may be offered by the half spindle components. 

The extent of these two opposite movements of the kinetochores,—first the 
violent movement of homologous kinetochores toward opposite poles, second 
their gradual re-approach to assume the position characteristic of metaphase, — 
is shown by measurements of the distance between the kinetochores of a given 
bivalent at the different stages. In the longest rod-shaped bivalent at the period 
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of maximum stretch the distance between opposing kinetochores is 13 ocular 
micrometer units; at metaphase it is 7 units (each figure is the average of measure- 
ments in 10 nuclei). Since there occurs almost no separation of kinetochores 
prior to spindle formation in the Virginia Stagmomantis, the first figure gives 
the relative distance traveled by the kinetochores in their pre-metaphase poleward 
movement. In their re-approach the kinetochores retrace nearly half this 
distance. I would emphasize again the asynchrony of the different bivalents in 
these two movements; the stretching of laggard bivalents continues pari passu 
with the contraction of those which were first stretched open. Thus the kineto- 
chores of one bivalent may be moving apart, toward opposite poles, while 
those of others are re-approaching each other. 


c. Formation of metaphase plate 

While the contraction of the bivalents and the re-approach of their kineto- 
chores is under way, a new movement of the chromosomes is initiated. From a 
dispersed distribution through the whole spindle, the bivalents gradually shift 


FIGURES 9 anp 10. Stagmomantis carolina, Virginia. 


Ficure 9. Late stretch; one bivalent still unopened; movement to equator started; XiX2Y 
in reorientation. Feulgen. 
Ficure 10. Early stage in metaphase orientation; X:X2Y mal-oriented. Feulgen. 


into the equatorial region (Figs. 9 and 10). Each bivalent retains its bipolar 
orientation during this movement and moves as a whole toward the equator. 
The asynchrony noted in the two preceding movements is maintained in this 
also: movement toward the equator proceeds concomitantly with the re-con- 
traction of the bivalents, and may even overlap the stretching of the most 
belated of them. The spacing of the chromosomes at the equator is at first 
wide and open—but as the maximum degree of contraction is reached they move 
in and form a fairly closely spaced metaphase plate. The accuracy of the 
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seriation of stages in these movements of late prophase is attested by the fact 
that early anaphases always show the chromosomes in the compact form and 
closely spaced arrangement of the final metaphase. 

Perhaps the most baffling feature of the metaphase orientation lies in the 
movements of the sex trivalent. We have seen that it assumes, at random, 
a variety of orientations during the stretching process. If the two Xs have 
moved to one pole and the Y to the other, the movement to the equator proceeds 
as in the bivalents simply by contraction of the chromosomes and a shifting of 
the whole configuration, with its orientation unaltered, into position in the 
metaphase plate. But if any other orientation be assumed during the stretch— 
if one X goes to each pole with the Y stretched between them, or if one X and 
Y pass to one pole while the other X goes to the opposite pole—a re-orientation 
ensues. One or more kinetochores shift their position and move through the 
spindle so as to bring the two Xs opposite to the Y on either side of the equator. 
Thus one kinetochore actually changes its orientation from one pole to the other 
and moves from a position close to one center to the opposite side of the equator 
—a maneuvre difficult indeed to visualize in terms of the mechanics of mitosis. 
Variation in the timing of the stretching of the trivalent and of its re-orientation, 
relative to the activities of the bivalents, makes it difficult to seriate its move- 
ments. But the trivalent shown in Figure 9 is probably undergoing re-orienta- 
tion; the X near the upper pole is still under tension and maintains the orientation 
assumed in the stretch, while the lower X shows no tension and its kinetochore 
is in process of shifting toward the upper pole. What happens to the half 
spindle components during re-orientation would be of great interest, but I have 
not been able to follow it. Half spindle fibers are occasionally clearly visible 
during the stretch and are again well marked at metaphase; it is possible that 
they are lost and reform anew during the re-orientation. 

Although the details of the process of re-orientation thus cannot be followed 
with certainty,—there can be no doubt that it actually takes place. Mal- 
orientation is encountered in some 50 per cent of the nuclei during the period of 
the stretch [56 cases were observed among 105 counted],—while at the final 
metaphase it is extremely rare [three cases in 105]. Clearly, therefore, the great 
majority of those trivalents mal-oriented during the stretch successfully re-orient 
by final metaphase. 


III. Bivalent structure and chiasmata 


Throughout pachytene the homologous chromosomes of each bivalent retain 
their close parallel association, with but a slight tendency to separate at the 
kinetochore region (Figs. 2 and 3). Diplotene and diakinetic stages as ordinarily 
recognized are absent: they are replaced by the forcible stretching open of the 
bivalents as the spindle forms, and the two kinetochores of each bivalent move 
toward opposite poles. As stretching proceeds it becomes evident that the 
kinetochore loop is not always the only locus of separation between homologues 
(note the two centrally placed bivalents in Figure 5). These openings, loops 
or half loops, alternate with persistently paired regions which resist the opening 
out process (Figs. 5 and 6). The paired segments may be terminal or inter- 
stitial, in one arm or in both; they vary in number from one to a maximum of 
three per bivalent. When first observable the openings between the paired 
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regions appear to lie in the same plane, but as the tension in the kinetochore 
loop increases they may assume alternating planes (Fig. 6, middle left bivalent). 
The chromatids of each chromosome have not yet separated, and even the line 
of demarcation between chromosomes cannot be followed in the closely paired 
regions. It is thus impossible to determine whether or not chiasmata are present 
in the persistently paired regions. At the stage of maximum stretch, however, 
open cross formations are frequently encountered either at one end of a bivalent, 
giving the rod-shaped configuration, or at both with a resulting ring configuration 
(Fig. 8). In these bivalents it is clear that non-sister chromatids are associated 
distal to the opening of the cross. 

No open cross configurations have been found in the sex trivalent. There is 
thus no evidence available as to whether or not the terminal adhesions of X,, Y, 
and X, are of chiasmatal origin. 

The final form of the bivalents at completed metaphase is fairly constant 
(Fig. 11). The most frequent complement comprises three rings and nine rods; 
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FIGURE 11. Stagmomantis carolina, Virginia. Bivalents and sex trivalent at metaphase. 
Gentian violet. 


rings vary in number from none to four per nucleus—rods show the corresponding 
range of 12 to eight. The open cross may persist to metaphase in from one to 
four bivalents, but the terminal connection is more commonly a swelling or 
lump, sometimes bipartite. 


Stagmomantis carolina from Barro Colorado Island 


Taxonomically indistinguishable, Stagmomantis carolina males from Barro 
Colorado Island and from Virginia are also identical in chromosome complement 
as observed in spermatogonial and meiotic metaphases. Striking and constant 
differences, however, characterize the meiotic prophase in the two types. 

In the Barro Colorado material the pachytene polarization is initiated always 
at a later stage in the development of the bivalents than in the Virginian, and is 
of shorter duration (compare Figures 12 and 2). Moreover there is here no 
constant correlation between time of polarization, degree of separation of the 
centers, and the stage of bivalent development. Thus in Figure 13 the polariza- 
tion centers are active while still relatively close together, but the bivalents are 
in a more advanced stage than those of Figure 12 in which the centers are already 
at opposite sides of the nucleus. The time of breakdown of the nuclear membrane 
also varies relative to the degree of separation of the centers. When the centers 
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separate early their passage to opposite sides of the nucleus is accompanied by 
a marked elongation of the whole nucleus (Figure 12 is typical) along the inter- 
center axis. Thus when the spindle forms in the nuclear area on the collapse of 
the membrane, the average inter-center distance is already considerably greater 
than in the Virginia type. Some elongation of the spindle follows immediately 
on its formation but the total length achieved is somewhat less and the average 
amount of elongation considerably less than in the Virginia material (measure- 
ments in Table I). The maximum separation of homologous kinetochores 


FIGURES 12 anp 13. Stagmomantis carolina, Barro Colorado. 


Figure 12. Second polarization, late pachytene; early separation of homologous kineto- 
chores. Haematoxylin. 

Figure 13. Second polarization with centers till close together; early breakdown of mem- 
brane; advanced stage of bivalent opening. Haematoxylin. 


during the stretching process is definitely less in the Barro Colorado type; this 
is probably dependent both on the more advanced stage of bivalent contraction 
and the lesser spindle elongation. 

A highly significant feature of the Barro Colorado type lies in the timing 
of the separation of homologous kinetochores. In the Virginia form this occurs 
simultaneously with the orientation of the two kinetochores of each bivalent to 
opposite centers—and only after membrane collapse and spindle formation. In 
bivalents of the Barro Colorado material, the homologous chromosomes show a 
marked localized separation at the region of the kinetochores while the nuclear 
membrane is still intact (Fig. 12). By the time the membrane gives way the 
separation of homologues, initially localized at the kinetochore region, has spread 
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distally until in some cases the bivalent appears as a ring with only the terminal 
regions of the chromosomes still parallelly associated (Fig. 13). It is clearly 
evident in these stages (Figs. 12 and 13), that the plane of separation between 
homologous kinetochores bears no relation to the future spindle axis. This fact, 
together with the persistance of the nuclear membrane during the initial separa- 
tion, demonstrates therefore that this first phase in the kinetochore movement is 
independent of centers and spindle. 

With the collapse of the membrane and formation of the spindle in the nuclear 
area, the already widely separated kinetochores of each bivalent orient and move 
toward opposite poles (Fig. 14). As in the Virginia type, this first phase in the 
stretching process occurs while the chromosomes are scattered through the whole 
spindle; Figure 15 is a particularly striking example with four bivalents, all 
placed well above the equator, showing the movement of the kinetochores to 
opposite poles. In this and succeeding stages however the stretch is always 
most extreme in equatorially placed bivalents. 

The asynchrony of the bivalents in. the stretching process is equally marked 
in both types (compare Figures 14 to 16 with 6 to 9). In both the maximum 
spindle length is attained before all of the bivalents have completed the 
stretching process. The structure of the bivalents as disclosed during the 
stretch is also identical in the two types. Re-contraction of the chromosomes, 
re-approach of homologous kinetochores, and the movement to the equatorial 
plate proceed similarly. The basic difference between the two types thus lies in 
the timing of spindle formation relative to the stage of bivalent development. 
The more precocious spindle formation in the Virginia form superimposes the 


initial separation of homologous kinetochores and their bipolar orientation. 
With the delay in spindle formation in the Barro Colorado type the two processes 
are seen to be distinct; the initial separation of kinetochores is not determined 
by the centers nor the developing spindle. 


Paratenodera sinensis 


The chromosomes of this species have been studied and figured by King 
(1931) and White (1941). The diploid number of the male is 27, 12 pairs of 
autosomes plus X;, X2 and Y. 


I. Second polarization 


Pachytene polarization in Paratenodera presents an interesting and significant 
variation from the pattern observed in Stagmomantis. Usually polarization is 
not marked until the bivalents have condensed into short thick rods. No 
diplotene opening out, however, accompanies this prolonged period of contrac- 
tion. The bivalents, scattered widely in the nucleus, evince some tendency 
toward peripheral distribution; some loose collocation of ends may persist from 
the leptotene zygotene bouquet, but no regular orientation is apparent. Asters 
form while the centers are still fairly close together. Only then do the chromo- 
somes become definitely polarized, forming two loose aggregations close to the 
nuclear membrane and underlying the centers (Fig. 18). So compact are the 
bivalents at this stage that it is impossible to say whether their ends only or the 
whole mass is involved in the polarization. However the time at which the 
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FIGURES 14 To 16. Stagmomantis carolina, Barro Colorado. 


Ficure 14. Early stretch. Haematoxylin. 

FiGure 15. Mid stretch; bivalents still scattered; early stage in open cross in one bivalent. 
Gentian violet. 

FicurE 16. Early stage in metaphase orientation; mal-orientation of sex trivalent. Gentian 
violet. 
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FIGURES 17 anp 18. Paratenodera sinensis. 


FiGuRE 17. Early second polarization with chromosome ends polarized; sex trivalent in 
outline. Gentian violet. 


Ficure 18. Typical second polarization. Haematoxylin. 
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centers become active varies in relation to the stage of chromosome contrac- 
tion. In a small percentage of the cells the asters form while the bivalents 
are still fairly long, and it is then evident that the ends of the chromosomes are 
specifically involved (Figure 17) just as in Stagmomantis. The Paratenodera 
material thus affords a series of transitional phases linking bouquet formation 
with the type of late prophase polarization found in Anisolabis (Schrader, 1941a) 
in which a specific activity of chromosome ends is not evident. 


II and III. Kinetochore movements and bivalent structure 


Events subsequent to the cessation of pachytene polarization follow the same 
general course as in Stagmomantis. Like the Virginia type of the latter, the 
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FIGURES 19 To 22. Liturgousa annulipes. 


FiGuRE 19. Spermatogonial metaphase. Gentian violet. 

FIGURE 20. First meiotic metaphase. Univalent X off plate at right, viewed from open 
end of V. Gentian violet. 

FiGuRE 21. Second meiotic metaphase—11 autosomes and X. Gentian violet. 

FiGuRE 22. Second meiotic metaphase—11 autosomes and no X. Gentian violet. 


bivalents show no marked separation of kinetochores prior to the collapse of the 
membrane. Formation and elongation of the spindle coincides with the initial 
opening out of the bivalents but the stretching process continues after spindle 
growth is complete. Degree of spindle elongation and intensity of stretch are 
intermediate between the Virginia and Barro Colorado types of Stagmomantis 
(measurements in Table I). Re-contraction of bivalents, re-approach of kineto- 
chores, and movement to the equator show no significant differences from the 





280 SALLY HUGHES-SCHRADER 


conditions in Stagmomantis. The structure of the bivalents also corresponds 
closely in the two genera. 


Liturgousa annulipes 


The chromosomes of this species have not previously been recorded. The 
diploid number of the male as seen in spermatogonial metaphase is 23, com- 
prising 11 pairs of autosomes and a single X (Fig. 19). The kinetochore is 
approximately median in six pairs of autosomes, subterminal in five, and sub- 
median in the X (Figs. 19 and 27). The X passes undivided to one pole at the 
first division and divides at the second. Second metaphase shows the expected 
chromosome sets of 12 and 11 (Figs. 21 and 22). 


I. Second polarization 

The pachytene polarization of the bivalents is very slight (Fig. 23). Many 
cells show none at all, and the maximum observed involves the orientation of one 
or both ends of at most three to five bivalents—probably those which happened 
to lie near the center when it became active. The time of polarization coincides, 
as in all the other species studied, with the first formation of astral rays. In 
Liturgousa, however, the latter make their appearance while the centers are still . 
either undivided or so close together that only a single center of polarization is 
produced. 


IT, Kinetochore movements 
a. Kinetochore separation, spindle formation and stretch. 


As in the Barro Colorado Stagmomantis, the initial separation of homologous 
kinetochores is independent of division centers and spindle. This is shown, as 
in the former case, by the marked ‘‘repulsion’’ of kinetochores which occurs, 
in many bivalents, from mid-pachytene on (Figs. 23 and 24). Since the nuclear 
membrane is still intact, the future spindle axis not yet established, and the 
plane of kinetochore separation is random, any influence of the achromatic 
figure on the kinetochore movement is excluded. 

The nuclear membrane breaks down while the centers are still close together 
(Fig. 25). The subsequent reaction of kinetochores to centers is slow in compari- 
son with the other species, but gradually all the bivalents become oriented with 
one kinetochore moving toward each pole. Meanwhile the spindle forms and 
elongates. Due to the late separation of the centers spindle elongation after 
membrane collapse is greater than in any of the other species (Table I). But, 
as in the other forms, its maximum length is attained before the stretching of 
the bivalents is completed. A late stage in the stretching process, with one 
bivalent not yet completely opened, is shown in Figure 26. 


FIGURES 23 to 26. Liturgousa annulipes. 


FiGuRE 23. Second polarization; slight orientation of chromosome ends near center; division 
centers not yet separated. Haematoxylin. 

Figure 24. Same stage—no polarization; kinetochores separating in various planes. 
Haematoxylin. 

Figure 25. Slightly later; membrane gone; centers separating; delayed orientation of 
kinetochores. Haematoxylin. 

FiGurE 26. Late stretch; metaphase orientation started. Gentian violet. 
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26 


FIGURES 23 To 26. 
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b. Re-approach of homologous kinetochores; metaphase plate formation. 


The re-contraction of the bivalents, re-approach of the homologous kineto- 
chores, and the gradual movement toward the equatorial region proceed precisely 
as in Stagmomantis. 


III. Bivalent structure and chiasmata 


In spite of the markedly early separation of the kinetochores and the conse- 
quent opening out of the bivalents before spindle formation, the chromatid 
structure of the bivalents is not analyzable at this stage. The separation of 
homologous chromosomes, at first localized in the kinetochore region, continues 
until a large kinetochore loop is formed, or, in some bivalents, the homologues 
become completely disjoined except for one short paired segment. Sister 
chromatids remain closely associated and cannot be traced through the per- 
sistently paired regions. That the separation of homologous chromosomes is 
not solely due to kinetochore movement is shown by the presence in some bi- 
valents of a second locus of opening out in addition to the kinetochore loop or 
half loop. This is apparent in the separation of the ends of the horizontally 
placed bivalent at the mid left in Figure 24, and in all bivalents of Figure 25. 
After spindle formation and during the stretching process the open cross formation 
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FIGURE 27. Liturgousa annulipes. Eleven bivalents and X at completed metaphase. 
Gentian violet. 


is encountered in several bivalents (Figures 26 and 28, a and b). The frequency 
of open crosses is 11.6 per cent (in 249 counted) during the stretch, and is reduced 
to 5.4 per cent (in 351) by final metaphase. 

The open cross configuration is usually accepted as evidence of a chiasma in 
process of resolution by the rotation of the arms of the bivalent. We might 
then assume, as White (1941) has suggested, that the terminal connections 
between the homologous chromosomes of the bivalents at metaphase are of 
chiasmatal origin. If a chiasma were present in each arm, two terminal con- 
nections would be formed—giving a ring bivalent at metaphase; if only one arm 
contained a chiasma, a single terminal connection and a rod bivalent would 
result. The behavior of two of the Liturgousa bivalents does indeed support 
such an argument. Easily identifiable at metaphase is the small bivalent number 
2 of Figure 27 in which a terminal connection between the short arms always 
persists throughout the stretch, while the long arms are always free. The large 





SOME PROBLEMS OF MANTID MEIOSIS 283 


bivalent number 3 of Figure 27 has arms of similar proportions, but in its case 
the long arms as well as the short ones are invariably connected. Moreover, in 
this bivalent the open cross formation may occasionally be observed in the long 
arms during the stretch (Fig. 28, c). Since the short arms only are subjected to 
stress in both bivalents, it seems reasonable to assume that the difference in 
behavior of the long arms is associated with the presence or absence of chiasmata. 
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FiGuRE 28. Liturgousa annulipes. a and b, open cross formation in rod bivalents; c, open 
cross in bivalent no. 3; d, bivalent no. 1 during stretch. Gentian violet. 


On this assumption, if no chiasma is present, the homologues separate completely 


and early as in the long arm of number 2, while the presence of a chiasma results 
in a persistent terminal connection as in the long arm of number 3. 

It does not follow, however, that chiasmata are the sole and essential factor 
in maintaining the association of homologues. One is not justified in generalizing 
from the behavior of these two bivalents. Some bivalents never show the open 
cross or any other evidence of chiasmata; their homologues separate during the 
stretch with sister chromatids persistently associated; the connection between 
chromosome ends in these cases carries no necessary implication of previous 
chiasmata. Even stronger evidence is afforded by the behavior of bivalent 
number 1 (Figure 27). It is readily identifiable at metaphase because, alone of 
all the bivalents, its constituent chromosomes are in parallel association except 
at the kinetochore. It thus, except for a somewhat closer association of chroma- 
tids, strikingly resembles the bivalents of Callimantis (White, 1941; Hughes- 
Schrader, 1943) in which the absence of chiasmata in late prophase and metaphase 
is definitely demonstrable. But unlike Callimantis, in Liturgousa this bivalent 
is subjected to the same stretching process which reveals in the other bivalents 
of the set those open crosses and terminal connections suggestive of chiasmata. 
It is, therefore, evidence of a real difference in the factors determining bivalent 
structure to find that the homologous chromosomes of bivalent 1 separate 
smoothly and progressively during the stretch, disclosing no evidence of chias- 
mata, and making no terminal knots or adhesions. The paired region at the end 
of each arm decreases steadily in extent as the bivalent is stretched, but retains 
some parallel orientation of its chromosomes as long as it can be followed (Fig. 
28, d). Re-contraction of bivalent 1 after the stretch brings the separated 
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chromosomes back into parallel association throughout their length, except at 
the kinetochore. If the absence of chiasmata permits the chromosomes of the 
long arm of bivalent 2 to separate early and completely, why do the arms of 
number 1, apparently equally devoid of chiasmata, retain the parallel association 
of their homologues? Conversely, the pairing force operative in number 1 
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FIGURES 29 to 33. Choeradodis rhombicollis. 


FiGurRE 29. Typical spermatogonial metaphase. Gentian violet and erythrosin. 

Figure 30. Same, with maximum association of homologues. Gentian violet and ery- 
throsin. 

FiGuRE 31. First meiotic metaphase; sex trivalent at upper center with Y at top focus and 
2 Xs, stippled, at lower focus. Gentian violet. 

FiGuURE 32. Second meiotic metaphase, 14 autosomes plus 2 X. Gentian violet. 

FicurE 33. Same, with 14 autosomes plus Y. Gentian violet. 
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would seem to be absent in the long arm of number 2. Variation in the factors 
determining both the association of homologous chromosomes and the form of 
the metaphase configurations is thus clearly indicated for different bivalents 
within a single complement. Further consideration of these data is given in 
the discussion. 


Choeradodis rhombicollis 


The diploid number in the male of this species, as determined in spermatogonia, 
is 31—the highest number thus far found among mantids (Figs. 29 and 30). 
Williams’ (1938) count of 27 is based on a single adult fixed without dissection, 
and his figures indicate that the material was inadequate to establish chromosome 
number and behavior. 





Figure 34. Choeradodis rhombicollis. Pseudo-diakinesis following diffuse late pachytene. 
No polarization; bivalents peripheral; ervthrosin stained coagulum about chromosomes. Gentian 
violet and erythrosin. 


The chromosome complement embraces 14 pairs of autosomes, four with 
median, 10 with subterminal kinetochores, and 3 sex chromosomes, X,; X2 and Y, 
with submedian kinetochores. Homologous chromosomes tend to lie near one 
another at spermatogonial metaphase; Figure 30 shows the maximum association 
observed, Figure 29 the more typical condition. The sex chromosomes are 
positively heteropycnotic in spermatogonial prophase and telophase, and lag in 
the anaphase movement. 

Fourteen bivalents and a sex trivalent are formed at meiosis (Fig. 31). In 
general structure and behavior the trivalent corresponds with those described 
for other species. The proportions of the arms and the pairing relations at 
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metaphase are shown in Figure 38. At the first meiotic division the 2 Xs pass 
to one pole, the Y to the other; the second metaphase accordingly shows either 
15 or 16 elements (Figs. 32 and 33). 


I. Second polarization 

Leptotene, zygotene, and early pachytene stages correspond closely to those 
of the other species studied. In late pachytene however, the chromosomes 
become diffuse in outline, are almost unstainable in gentian violet and haema- 
toxylin, and give but a faint Feulgen reaction. When later they again become 
stainable, the bivalents, already greatly shortened compared to the long threads 
of early pachytene, are found peripherally distributed close to the nuclear mem- 


FicurE 35. Choeradodis rhombicollis. Second polarization; chromosomes loosely aggregated 
near division centers. Haematoxylin. 


brane (Fig. 34). Asters form about the centers, and these separate quickly to 
opposite sides of the nucleus, which may elongate slightly along the inter-center 
axis (Fig. 35); but the polarization is always slight and many do not reach the 
polar regions. So late is the polarization relative to the stage of contraction of 
the chromosomes that the latter appear to move as wholes. In a few nuclei, 
however, polarization occurs while the chromosomes are still relatively long, and 
then, as in Paratenodera, the ends alone orient to the center. 


II. Kinetochore movements 


On the breakdown of the nuclear membrane the spindle forms in the nuclear 
area and quickly elongates. Due to the large size of the nucleus and the conse- 
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quent wide separation of the centers, the length of the spindle is considerably 
greater than in any of the other species,—but the extent of its elongation is 
relatively slight (comparative measurements in Table I). As in the other species, 
spindle elongation is completed before the opening out of many of the bivalents. 
Indeed the orientation and movement of homologous kinetochores toward 
opposite poles takes place very gradually and with pronounced asynchrony in 
this species. Figure 36 is typical; the spindle has completed its elongation; of 


FIGURE 36. Choeradodis rhombicollis. Stretch: elongation of spindle completed; asynchrony 
of bivalents in opening out. Gentian violet. 


the bivalents some still retain the parallel association of their homologues except 
at the kinetochores, while others have completed the stretching process. The 
degree of stretching is very slight compared to the other species; the maximum 
separation of kinetochores observed is less than a third of the length of the 
spindle. The contraction of the bivalents to their final metaphase form is 
similarly slight. The further movements of the chromosomes to the equator 
and their orientation in the metaphase plate proceed as in the other species. 
The behavior of the sex trivalent parallels in essentials that of Stagmomantis. 
The early terminal alignment of the sex chromosomes, prior to the breakdown 
of the nuclear membrane, is especially clear in Choeradodis. 


IIT. Structure of bivalents 


Unfortunately in Choeradodis, in which among all the species thus far studied 
the closest approach to a regular diplotene-diakinetic opening out occurs, the 
structure of the bivalents is least analysable,—due to their small size and the 
diffuse condition of the chromatin in the critical stages. Certain significant 
features can, however, be‘established. 
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Already on emergence from the confused stage of late pachytene the bivalents 
show a marked degree of separation between homologues (Fig. 34). This may 
be uniform along their entire length, or variously accentuated in different regions. 
If uniform, the homologues are clearly separated and indubitably devoid of 
chiasmata (Fig. 37, a, after Feulgen, and e, gentian violet). [Occasionally a cross 
section of such a bivalent shows all four chromatids equally spaced (Fig. 37, f), 


FiGurE 37. Choeradodis rhombicollis. Individual bivalents at pseudo-diakinesis. a-d, 
Feulgen; e-h, gentian violet. 


but such figures are rare and I have not observed chromatid separation in any 
others.] Prometaphase bivalents of this type probably assume a Callimantis-like 
form at metaphase as in bivalent 2 in Figure 38, or if more widely opened, produce 
simple rings such as bivalents 1 and 3 in the same figure. 

In other bivalents, homologues are moderately and uniformly separated at 
one end, but flare widely apart at the other as though mutually repelling each 
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Ficure 38. Choeradodis rhombicollis. Bivalents and sex trivalent at first metaphase. 
Gentian violet. 


other (Fig. 37, c). If at metaphase a terminal attraction operates between the 
paired ends when the poleward movement of the kinetochores has brought them 
into apposition, a rod-shaped bivalent, with no implication of previous chiasma, 
will result. 
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A third type of association is shown in Figure 37, b, d, g, and h. Here the 
persistently paired region, usually terminal or subterminal, is very short and the 
homologues separate widely throughout the rest of their length, with maximum 
separation usually at the kinetochore region. Homologous chromosomes are in 
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FIGURES 39 to 43. Angela guianensis. 


FiGuRE 39. Stretch stage. Haematoxylin. 

FicureE 40. First meiotic metaphase; X lies off plate at low focus. Gentian violet. 
FiGuREs 41 AND 42. Second meiotic metaphases. Gentian violet. 

FicureE 43. Bivalents and X at compact metaphase. Gentian violet. 


contact in the paired region, but since chromatids cannot be distinguished it is 
impossible to tell whether or not a chiasma is present. The possibility that 
chiasmata are involved in these contact points is strengthened by the occasional 
occurrence of open cross formations in the later stages (Fig. no. 5). The fre- 
quency of the open cross is low,—slightly less than 1 per cent at metaphase. 
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Taken as a whole the Choeradodis data support the conclusion derived from 
the Liturgousa bivalents: the factors determining the association of homologous 
chromosomes in late prophase and the form of the bivalents at metaphase vary 
in different bivalents of a single species. Additionally Choeradodis demonstrates 
that in certain cases a pairing force independent of chiasmata is variously localized 
along the bivalent. 


Angela guianensis 


My material of this species is limited to a single adult male, in which the 
stages of spermatogenesis are incompletely represented. Its chromosomes have 
not previously been described. The diploid number in the male is 19, deter- 
mined from meiotic metaphases (Figs. 40 to 43). Six pairs of autosomes and 
the univalent X have median—the others submedian kinetochores. At meta- 
phase the bivalents assume the familiar rod or ring form; the number of rods 
varies from 3 to 5, of rings from 4 to 7; the most common complement being 3 
rods and 6 rings (Fig. 43). 

Early prophase is typical. Pachytene polarization is represented by but few 
nuclei but these indicate that it occurs relatively early as in the Virginia Stagmo- 
mantis. The most striking feature of the prophase is the extreme delicacy of 
the chromosomes at the time of stretching—a chromomeric structure is still 
present during the period of the stretch (Figure 39). Spindle formation seems 
to be more precocious than in any other species. The spindle is very compact, 
nearly spherical in form, and the stretched chromosomes are curved in conformity 
with it. During the stretching and subsequent re-contraction of the bivalents, 
open cross configurations are frequent,—nearly every nucleus in these stages 
showing two or three. These are resolved and are succeeded by terminal con- 
nections in final metaphase. 

The low chromosome number, precocity of spindle formation, and frequency 
of open cross formation suggest that this species would reward further study. 


DISCUSSION 
I. Polarization 


The second polarization of chromosomes in the mantid prophase is of especial 
significance in the analysis of the bouquet stage—so characteristic a feature of 
meiosis in many animals, and to a lesser extent, plant species. The interpolation 
of a non-polarized stage just prior to the second bouquet demonstrates that the 
latter cannot be interpreted simply as a passive relic of previous telophase 
orientation, but involves an active orientation of chromosomes. Furthermore, 
the second bouquet occurs at a stage more open to analysis than is the leptotene. 
It is thus possible to demonstrate the participation of three structural elements 
of the cell in the process of polarization: (1) the orientation movements are 
performed by the ends of the chromosomes; (2) the division center determines 
the focus of aggregation; and (3) the nuclear membrane is involved in polarization. 

Evidence on all these points has long been available. Recognition has been 
delayed due to a confusion of two distinct types of orientation: (1) the active 
orientation of chromosomes to membrane and center so frequently encountered 
in meiotic prophase, and (2) the superficially similar Rabl orientation—a passive 
relic of previous telophase orientation—which has been demonstrated with 
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perhaps equal frequency in mitotic prophase. Confusion has arisen because in 
meiotic division the first process is sometimes superimposed upon the second. 
If the true leptotene bouquet is formed in cells which retain the pre-meiotic 
telophase orientation of their chromosomes it may well be impossible to discrimi- 
nate between two distinct but simultaneously acting factors—the Rabl or relic 
orientation and the active orientation of bouquet formation. A third factor 
may further complicate polarization; it lies in the mutual attraction, at certain 
phasés in the mitotic cycle, of heteropycnotic regions of the chromosomes. If 
heteropycnosis is terminally localized in the chromosomes and the attraction 
operates simultaneously with peripheral distribution and a polarizing activity of 
the center, a bouquet formation will result (as, for example in Phrynotettix 
(Wenrich, 1916), Stauroderus (Corey, 1933, 1938), and several species of Edessa 
(Schrader, 1941b)). The numerous well established cases in which bouquets form 
without heteropycnosis, as well as those in which heteropycnotic regions aggregate 
without bouquet formation, show that two separate processes are involved. 

The recent revival of the idea that the bouquet stage is conditioned by 
previous telophasic orientation (Atwood, 1937; Hiraoka, 1941; Smith, 1942) 
demands reconsideration of the evidence, even at the risk of repetition. The 
basis for the idea lies primarily in the large body of evidence establishing the 
relative immobility of chromosomes during the resting stage. The aggregation 
of the kinetochores close to the division center in late anaphase brings the chromo- 
some arms into a parallel or radiating arrangement. The closing in of the new 
nuclear membrane might then tend to bring the ends together. Granted relative 
immobility through the resting stage, an approximation of the bouquet arrange- 
ment would thus be already determined by the preceding telophase orientation. 

The evidence against this interpretation of the bouquet has been presented 
by Schrader (1941b); I will summarize it here. First, telophasic reorganization 
will tend to bring chromosome ends together only if the kinetochore is median 
or nearly so. The formation of a typical leptotene bouquet in Phrynotettix 
(Wenrich, 1916) whose chromosomes have effectively terminal kinetochores thus 
shows that half of the chromosome ends have moved through the nucleus and 
oriented at the pole opposite that approached at telophase. Again, the hy- 
pothesis would demand a definite and fairly uniform chromosome length. In 
Choeradodis, with marked size differences among its chromosomes, the leptotene 
bouquet shows the kinetochore of the shortest element to be relatively close to 
the pole at which the ends are aggregated, while in only the longest chromosomes 
with median kinetochores do the latter retain their telophasic position. Third, 
typical bouquets occur in several Hemiptera (Geitler, 1937; Schrader, 1941b) 
although a kinetochore-center telophase aggregation cannot here—due to the 
diffuse nature of the kinetochore—be a causal factor (see, however, some contrary 
evidence in Ris, 1942). The converse of this argument is also applicable: many 
forms with pronounced aggregation of kinetochores at the center in telophase 
fail to show any bouquet stage in the succeeding meiotic prophase. 

Again, we are confronted in many cases with an apparent shift in the spatial 
relations of center and kinetochores between telophase and meiotic prophase. 
Thus in Locusta (Mohr, 1916) the median kinetochores are aggregated near the 
center in telophase but prophase shows them at the opposite side while the 
chromosome ends are now grouped at the center. None of the suggestions 
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seeking to reconcile these conditions independently of active chromosome orienta- 
tion, such as a rotation of the nuclear contents through 180° (Janssens, 1924; 
Geitler, 1934) or a migration of the center through a similar arc (Schreiner and 
Schreiner, 1906; Gelei, 1921), meets the basic objection that polarization in the 
bouquet involves a more precise orientation and pronounced focussing of ends 
to a single circumscribed region than any telophasic orientation and reorganization 
would entail. 

The formation of a typical bouquet in late prophase, following a completely 
non-polarized stage such as occurs in certain of the mantids, proves the meiotic 
polarization to be a distinct process involving forces not operative in relic orien- 
tation. The mantid evidence is valuable for its clarity rather than its novelty. 
Similar evidence has been available since 1921 in Gelei’s careful analysis of the 
formation of the leptotene bouquet in Dendrocoelum oécytes. He was able to 
count close to the total number of chromosome ends in the early pre-bouquet 
leptotene nucleus, and found them distributed, peripherally, but at random 
relative to the division center, throughout the nucleus. 

Finally, the evidence just presented although sufficiently conclusive in itself, 
is secondary to the basic fact now also well established that bouquet formation 
involves a special activity of chromosome ends, center, and nuclear membrane. 

The action of the chromosome ends in polarization is clearly evident in 
bouquet formation in mantids, as in many other organisms. Gelei (1921) was 
able to follow the movement of the knobbed ends of the Dendrocoelum chromo- 
somes as they converged from a random distribution to aggregate in a plate- 
like cluster on the nuclear membrane underlying the center. The same process 
occurs in the formation of the second bouquet in certain mantid species. 
Furthermore, the variation in timing of polarization relative to degree of chromo- 
some contraction seen in Paratenodera provides transitional stages between 
polarizations in which ends only are active, and those in which the whole compact 
body of the chromosome seems to be affected. This suggests that in the latter 
type, also, a special activity of ends may be involved, and adds to the growing 
body of evidence bespeaking special functions in these structures. 

Action of the center in determining the pole of the bouquet has also long been 
recognized (Buchner, 1910; Ahrens, 1936, and others). It is strikingly evident 
in those mantid nuclei in which a single or monopolar bouquet first forms at the 
still undivided center and is then transformed into a double, bipolar, bouquet as 
the daughter centers move to opposite sides of the nucleus accompanied each by 
a group of chromosome ends on the inside of the membrane. 

That the nuclear membrane takes a definite, if still undefined, part in polar- 
ization is becoming increasingly clear. Schrader (1941a) has shown that it 
plays more than a passive role in the movements of the centers as well as of the 
chromosomes. In the mantids the close application of terminal chromomeres to 
nuclear membrane, and the abrupt cessation of patarinntion on the collapse of 
the membrane, further support the thesis. 

In conclusion: it appears definitely established that true bouquet formation 
is a special process, basically distinct from relic orientation, involving the opera- 
tion of forces not active in the latter, and dependent on special activities of 
chromosome ends, centers, and nuclear membrane. Bouquet formation while 
widespread, is not, however, a universal nor essential element in meiosis. Its 
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adaptive significance when, as is usually the case, it occurs prior to synapsis, 
lies in facilitating chromosome pairing, and was early recognized (v. Kemnitz, 
1913; Gelei, 1921). The second bouquet stage, however, can have no such value 
since it occurs in post-synaptic stages. It introduces a maneuvre not ordinarily 
encompassed in the meiotic cycle, and one which shows the complexity of cyclical 
changes which may be involved in the various constituent processes of mitosis. 
Whatever its utility to the species, it emphasizes once again the amazing range 
of possible variations in the interplay of different factors in normal meiotic 
mechanisms. 


IT. Kinetochore Movements i 

a. Initial separation of kinetochores. 

First of the several striking kinetochore movements during the meiotic 
prophase is the initial separation of homologous kinetochores. The first opening 
between the chromosomes of a bivalent is localized at the region of the kineto- 
chores and is strongly suggestive of repulsion between these bodies. Swanson 
(1942) questions the efficacy of the kinetochore as a repelling body, and holds 
that the marked separation of kinetochores and the attenuation of the chromo- 
some between kinetochore and nearest chiasma, usually attributed to such 
repulsion, is more probably due to a poleward “‘pull’’ of the spindle. Although 
this position appears well taken in Tradescantia, it is untenable in the mantids. 
Here in several species, separation of homologous chromosomes is at first limited 
to the kinetochore region, and occurs while the nuclear membrane is still intact. 
Furthermore the plane of kinetochore separation bears no relation to the position 
of the centers nor the future spindle axis. 

Neither can we ascribe kinetochore separation to despiralization, although 
the fact that the latter is initiated at the kinetochore region and proceeds distally 
makes the assumption at first thought credible. Against it is the fact that there 
is no constant correlation between time of kinetochore separation and phase of 
spiralization cycle in the different species. Thus in the two geographic types of 
Stagmomantis carolina kinetochore separation starts at widely different points in 
the spiralization cycle, and in Paratenodera the bivalent has reached a contraction 
approximating that of metaphase before the kinetochores separate. 

Again, in Callimantis (Hughes-Schrader, 1943) the differential behavior of 
kinetochores in quadrivalents and in bivalents shows the degree of separation to 
increase with the number of kinetochores present, other factors being equal. Of 
course, in this case, some special activity of the half spindle components, inde- 
pendent of the growth of the spindle as a whole, cannot be excluded, but the data 
seem more simply explicable on the hypothesis of kinetochore repulsion. 

Thus in mantids all available evidence points to an autonomy of the kineto- 
chores in their initial separation; the force involved is localized in or operates 
through the kinetochores themselves. While not establishing the nature of the 
force involved, the data are in harmony with the concept of a mutual repulsion 
between homologous kinetochores at certain stages of their cycle: 


b. The stretch phenomenon. 


A second and unique phase of kinetochore activity is initiated when, on the 
breakdown of the nuclear membrane and the formation of the spindle in the 
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nuclear area, homologous kinetochores move suddenly toward opposite poles 
forcibly stretching open the bivalent between them. In bivalents with no 
previous repulsion of kinetochores, their separation and bipolar orientation is 
simultaneous; where repulsion precedes spindle formation, the kinetochores shift 
their position so that one points toward each pole. Obviously the force involved 
is operating through the kinetochores. White (1941) suggests that as the spindle 
forms the kinetochores become attached to it, and the spindle then elongates 
carrying the kinetochores toward the poles and stretching the chromosomes. 

An analysis of spindle elongation and poleward movement of kinetochores is 
given in Table I. Spindle elongation is computed from the relative distances 
between the centers at the different stages; kinetochore movement similarly, in 
terms of inter-kinetochore distance in the longest rod shaped bivalent. Measure- 
ments are in ocular micrometer units, and each figure represents the average of 
some ten measurements. A correlation between spindle elongation and kineto- 
chore movement is evident; Liturgousa and the Virginia Stagmomantis, with the 
greatest increase in spindle length, show the greatest kinetochore movement, 
while Choeradodis with the least spindle elongation has the slightest. 

Despite this, spindle elongation is definitely not the only factor in the poleward 
movement of the kinetochores. In all but one of the five types the increase in 
spindle length is definitely less than the distance travelled by the kinetochores 
(compare columns 6 and 10 of Table I). Thus in the Virginia Stagmomantis 
only 5.2 units out of 8.5 may be attributed to spindle elongation; in Choeradodis 
only 2.4 units out of 5.1. The former case is particularly significant since 
chromosome length, which will be a factor in interspecific differences in degree 
of kinetochore separation, is the same in the two types of Stagmomantis. 

Another line of evidence also demonstrates the existence of a second factor 
in the poleward movement of the kinetochores. It will be noted that in each 
case the elongation of the spindle follows quickly on its formation; thereafter 
spindle length remains constant or even gradually decreases up to final metaphase 
(Table I). The asynchrony of the bivalents in the kinetochore movement is so 
great that in every case the maximum spindle length is attained before all of 
the bivalents have opened. Since all bivalents are eventually stretched open, 
it is clear that in many cases the poleward movement of the kinetochores is 
independent of spindle elongation. 

What is the nature of this second factor in the kinetochore movement? 
It may be simply a continuation of the mutual repulsion of homologous kineto- 
chores already apparent in some species during the preceding stage. The orien- 
tation of the bivalent and the consequent direction of kinetochore movement 
would then be determined by the longitudinal structure of the spindle, permitting 
repulsion to act in the longitudinal axis while blocking it in any other plane. 
An alternative possibility exists; an attraction between center and kinetochore 
may come into play on the breakdown of the membrane and the formation of the 
spindle. Such attraction is indeed suggested by the random orientation of the 
kinetochores in the sex trivalent which move toward the nearer pole irrespective 
of their homology. The terminal alignment of the sex chromosome, completed 
before the poleward movement of the kinetochores begins, may result in too 
great a separation of their kinetochores for repulsion to be effective and thus 
allow the attraction between center and kinetochore to be visibly expressed. 
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It must not be forgotten, moreover, that half spindle components form between 
kinetochores and center at the time these movements are taking place. Some 
activity on their part, independent of the elongation of the spindle as a whole, 
cannot be excluded. Thus while the nature of the forces involved cannot yet be 
determined, the data do demonstrate that the poleward movement of kinetochores 
and resultant stretching of the chromosomes are due to more than one agency, 
and involve in addition to spindle elongation, other factors which may include 
repulsion of homologous kinetochores, kinetochore-center attraction, and possibly 
some activity of half spindle components. 


c. Reapproach of homologous kinetochores. 


On the completion of the poleward movement of the kinetochores, a precisely 
opposite action ensues. Homologous kinetochores re-approach each other and 
in so doing move away from the poles. The extent of this movements varies in 
the different species (last column of Table I). The causal factor seems to be the 
resumption of the normal coiling process, interrupted and partially undone by 
the preceding stretching. 


d. Metaphase orientation. 

The gradual movement of the chromosomes toward the equator of the spindle 
follows—and largely overlaps in time—the re-approach of the homologous kineto- 
chores. It may even overlap the preceding stage of poleward kinetochore 
movement. It follows from this asynchrony that some kinetochores are still 
moving toward the poles while others are moving away from them, and that 
movement of the whole bivalent toward the equator may be superimposed on 
one or both of the others. The hypothesis that equatorial orientation is caused 
by repulsion between kinetochore and center is thus either untenable or requires 
the subsidiary assumption of a reversal of charge in the kinetochores—a reversal 
occurring, moreover, at different times in different bivalents. Again, since the 
spindle is completed long before movement of chromosomes to the equator begins, 
the latter cannot be attributed to ingrowth of spindle fibers from the poles 
pushing the scattered chromosomes to the equator. Finally, since both the 
re-approach of homologous kinetochores and the movement to the equator occur 
subsequent to the formation of half spindle components, a considerable elasticity 
in the action of these elements is indicated. 

During the movement to the equator the bivalents shift position as wholes 
retaining their bipolar orientation. It is thus impossible to tell whether the 
movement is dependent on kinetochore action, as is well established in other 
forms. In the sex trivalent, however, the kinetochores definitely take the lead 
in metaphase orientation. In the re-orientation of its three elements the kineto- 
chores alone are active while the arms appear relaxed. As to what force or 
forces underlie the movement to the equator and the co-orientation of homologous 
kinetochores, the present data give no clue. 


III. Chiasmata and bivalent structure 

Cases already on record demonstrate that chaismata are not the sole, nor an 
essential, factor in maintaining the meiotic association of homologous chromo- 
somes in late prophase and metaphase (references in Hughes-Schrader, 1943). 
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Bivalents clearly devoid of chiasmata may retain the parallel association of 
their chromatids. Terminal connections between homologues at metaphase may 
be formed in complete independence of previous chiasma formation. We may 
take it as established that different species vary in the factors involved in the 
later stages of the meiotic association of chromosomes. 

The present study shows further that (1) such variation exists even among 
closely related species, and (2) that bivalents within a single species may similarly 
vary in the factors determining the association of their homologues. White 
(1941) was unwilling on the evidence then available to admit such variation in a 
basic meiotic mechanism in so closely related a group of species as the mantids. 
Confronted on the one hand with the absence of chiasmata in the bivalents of 
Callimantis, and on the other with contrary although indirect evidence in all 
other species studied, he holds that the differences are superficial only. This 
implies either that the indirect evidence for chiasmata in the majority of species 
will prove unfounded or, as White further suggested, that chiasmata may be 
present in the Callimantis bivalent, but, in the absence of the stretch phenomenon 
in that species, are not disclosed due to the close parallel association of homologous 
chromosomes up to anaphase. 

As to the first alternative, the present study offers strong presumptive evidence 
for the occurrence of chiasmata in certain bivalents of some species. The 
evidence lies in the relatively high frequency of open cross formations in opening 
bivalents, in which the association of non-sister chromatids distal to the opening 
of the cross may be clearly demonstrated. That such configurations necessarily 
imply previous chiasmata cannot be taken as completely proved (contrary evi- 
dence in the somatic chiasmata of Drosophila ganglion cells, Kaufmann, 1934), 
but the weight of evidence from many sources (heteromorphic bivalents, inter- 
locking, etc.) is certainly in favor of this interpretation. 

The second alternative is definitely untenable in the light of the evidence now 
available. Re-investigation of Callimantis (Hughes-Schrader, 1943) has con- 
firmed White’s (1938) earlier conclusion that chiasmata are absent. Neither in 
the parallel association of four chromatids in the prometaphase and metaphase 
bivalent nor in its anaphasic disjunction are chiasmata involved. The present 
study offers additional evidence that the Callimantis type of bivalent on the 
one hand, and the rod and ring types of other mantids on the other, present 
real differences in structure and in the forces underlying the association of the 
homologues. The differences in the metaphase form of bivalents are not ascrib- 
able simply to presence or absence of the stretch phenomenon. Thus we have 
seen in Liturgousa one bivalent of the Callimantis type, subjected to the same 
stretching that results in rod and ring formation by the other bivalents, open 
out without terminal connections and on re-contraction resume the parallel 
association of its homologues. Conversely, in Choeradodis, where the stretching 
of the bivalents on the spindle is almost nil, rod and ring types are nevertheless 
produced. In view of these lines of evidence the conclusion is justified that even 
closely allied species vary in the factors underlying the late meiotic association 
of homologous chromosomes. 

Within the single species, also, the presence of more than one factor is demon- 
strable. Thus in the case of Liturgousa cited above, factors other than chiasmata 
determine the association in one bivalent, while others as consistently disclose 
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the open cross with its implication of previous chiasmata. In Choeradodis, 
also, diversity of factors is evident. 

Three separable factors in the late meiotic association of homologous chromo- 
somes can be distinguished. They may operate separately or in various combi- 
nations in bivalents of different species and in different bivalents of one species. 
The first of these factors—the pairing force independent of chiasmata which 
we must assume determines the persistent parallel association of chromatids in 
the Callimantis type of bivalent—I shall term, for brevity in discussion, lateral 
attraction. The second, expressed in the formation of terminal connections 
between separating homologues, is recognized as terminal attraction. The term 
attraction is here used in a purely descriptive sense, without implication of the 
nature of the force involved. The third factor is the action of chiasmata. Let 
us consider these factors, as expressed in the structure of the mantid bivalents, 
separately. 

Lateral attraction is demonstrated most clearly in the Callimantis bivalents 
where the four distinctly separated chromatids of each arm maintain their 
parallel association, without chiasmata, until anaphase. It is similarly expressed 
in the single Callimantis-like bivalent of Liturgousa, and in several of the Choera- 
dodis bivalents whose homologous chromosomes are clearly separated but 
parallelly associated until stretched apart on the spindle. The data of the 
present study further demonstrate that lateral attraction may be variously 
localized in the individual bivalent. This is seen in those bivalents of Choeradodis 
whose homologous chromosomes show no contact during the pseudo-diakinetic 
period and where chiasmata are thus excluded as a factor in the association. 
Of these bivalents some show the chromosomes parallelly paired and equidistant 
along their whole length. In others the pairing segment is reduced to a short 
region, variously localized in different bivalents, with the homologues flaring 
widely apart elsewhere. A similar differential localization of lateral attraction 
is apparent in the diakinetic bivalents of the egg of the grass mite, Pediculopsis 
graminum (Cooper, 1939). 

Terminal attraction is expressed in the resistance of apposed chromosome 
ends to the forces of anaphasic separation in the bivalents of Callimantis. In 
this case no fusion or physical connection of any kind between the chromatid 
endsisapparent. In the other mantid species the operation of terminal attraction 
is accompanied by the formation of persistent terminal connections between the 
ends of homologous chromosomes during the stretching of the bivalents on the 
spindle. So extreme is the tension produced by the movement to opposite poles 
of homologous kinetochores that the chromosomes are often attenuated to thin 
threads, and yet the terminal connections persist. In these cases, unlike 
Callimantis, a real fusion of certain constituents of the chromosome is suggested. 

Terminal attraction may operate quite independently of chiasmata, as is 
shown in Callimantis and in other cases on record, perhaps most strikingly in 
Rhytidolomia (Schrader, 1940). This independence is also demonstrable in 
Choeradodis. Here several bivalents are clearly devoid of chiasmata during the 
pseudo-diakinetic period. Yet in the majority of nuclei at final metaphase all 
bivalents are of either the rod or ring type, with one or two terminal connections 
respectively. Obviously in certain bivalents terminal connections have formed 
independently of the terminalization of chiasmata. 
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Chiasmata are absent in late prophase and metaphase in many mantid 
bivalents and even when present appear to play but a subsidiary role in meiotic 
association. Since ‘“‘repulsion’’ between pairs of chromatids, so diagnostic a 
feature of diplotene and diakinesis in most forms, is not obligatory in mantids, 
chiasmata when present will not be expected greatly to modify bivalent form in 
prophase. Nor is the form of the metaphase bivalent dependent on chiasmata 
to the extent which is usually assumed. We have seen that terminal connections 
between homologous chromosomes cannot be interpreted as invariably the 
sequelae of chiasma terminalization. They may also result, as is the case in 
certain Choeradodis bivalents, simply from terminal attraction between those 
ends which were held together earlier by lateral attraction and were finally 
brought into contact by the stretching of the bivalent. When chiasmata are 
present, their terminalization may well have a similar effect; it will bring chroma- 
tid ends into contact and thus possibly facilitate the operation of terminal 
attraction and the formation of terminal connections. 

The nature of the forces involved in lateral and terminal attraction is obscure. 
The formation of a non-staining pellicle common to both homologues has been 
suggested, but no positive evidence of its existence is available. The intense 
staining of terminal connections in many mantid bivalents suggests a fusion of 
some chromosome constituent. But it must be remembered that in certain 
cases of terminal attraction in other forms (e.g. Rhytidolomia, Schrader, 1940) 
the chromosome ends move toward each other over a considerable distance and 
any fusion that may occur is thus secondary to the initial attraction. The same 
holds true for lateral attraction in the secondary metaphase pairing in spermato- 
cytes of Lepidosiren (Agar, 1911), and in the re-association of previously separated 
chromatids in the second meiotic division of certain coccids (Hughes-Schrader, 
1931). 

Somatic pairing is similar in certain respects to the lateral attraction of 
meiosis. In this connection it is interesting that White (1938) finds no somatic 
pairing in Callimantis in which lateral attraction is so strongly expressed. Nor 
have I any convincing evidence of its occurrence in the species here reported, 
with the possible exception of Choeradodis spermatogonia, and even here the 
association of homologues is neither close nor constant. Oguma (1921) reportsa * 
similarly indefinite association in the spermatogonia of Tenodera aridifolia. 
Clearly there is no obligatory relation between somatic pairing and the lateral 
attraction of meiosis. 


SUMMARY 


1. Bouquet formation. An analysis of the second polarization or bouquet 
stage in the meiotic prophase of the males of several species of mantids shows 
bouquet formation to be a special process, basically distinct from the relic or 
Rabl orientation, and involving special activities of chromosome ends, division 
centers, and nuclear membrane. 

2. Kinetochore movements. (a) The initial separation or ‘‘repulsion’’ of the 
homologous kinetochores in the meiotic bivalent is shown in several species to be 
independent of division centers and spindle and appears to be autonomous to 
the kinetochores. (b) The pre-metaphase poleward movement of kinetochores 
and consequent stretching of the meiotic chromosomes are in part due to the 


‘ 





































SOME PROBLEMS OF MANTID MEIOSIS 299 






elongation of the spindle, and in part to another factor or factors which may 
include kinetochore repulsion, kinetochore-center attraction, and a special activity 
of the half spindle components. (c) Resumption of coiling after the pre-meta- 
phase stretch results in the re-approach of the homologous kinetochores and their 
movement away from the poles. (d) Movement of chromosomes to the equator 
regularly overlaps the movement (c) above, and may overlap (b), thus excluding 
any hypothesis of metaphase plate formation in which the chromosomes are 
regarded as passive. 

3. Chiasmata and bivalent structure. Three separable factors in the late 
meiotic association of homologous chromosomes can be distinguished: (a) lateral 
attraction, which is independent of chiasmata and is variously localized in 
different bivalents; (b) terminal attraction which operates in some bivalents 
quite independently of chiasmata, and in others follows chiasma terminalization; 
and (c) the action of chiasmata. Absent in late prophase and metaphase in 
certain bivalents, the presence of chiasmata is inferred in others from the fre- 
quency of open cross configurations. These three factors may act more or less 
separately, and in various combinations, even in closely allied species, and in 
different bivalents of a single species. 

4. Males of Stagmomantis carolina from Virginia and from Barro Colorado 
Island, C. Z., identical taxonomically and in chromosome complement, differ in 
the time of spindle formation relative to the stage of bivalent development in the 
meiotic prophase. 
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